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Abstract The alkaline single-cell gel electrophoresis
assay (comet assay) was used for the study of the genotoxic
effects of insecticide Chlorpyrifos and fungicide Tebuco-
nazole (commercial formulations) on two freshwater green
algae species, Pseudokirchneriella subcapitata and Nan-
nocloris oculata, after 24 h of exposure. The percentage of
DNA in tail of migrating nucleoids was taken as an end-
point of DNA impairment. Cell viability was measured by
fluorometric detection of chlorophyll “a” in vivo and the
determination of cell auto-fluorescence. Only the higher
concentration of Chlorpyrifos tested resulted to affect sig-
nificantly the cell viability of P. subcapitata, whereas cells
of N. oculata were not affected. Tebuconazole assayed
concentrations (3 and 6 mg/1) did not affect cell viability of
both species. The results of comet assay on P. subcapitata
showed that Chlorpyrifos concentration evaluated (0.8 mg/
1) exerted a genotoxic effects; while for the other specie a
concentration of 10 mg/l was needed. Tebuconazole was
genotoxic at 3 and 6 mg/l for both species. The comet
assay evidenced damage at the level of DNA simple strains
molecule at pesticide concentrations were cytotoxicity was
not evident, demonstrating that algae are models to take
into account in ecological risk assessments for aquatic
environments.
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Introduction

Pesticides are chemicals that present properties which
decrees, alter or inhibit different biological processes.
These toxic substances could reach aquatic environments
when aerial applications are made by direct spray or by
run-off from surrounding terrestrial areas. In the last years,
there has been an increase of agrochemical applications in
relation with crops of economic interest, e.g. soybean, and
they became in one of the more frequent organic pollutants
in aquatic ecosystems (Prado et al. 2009). The evaluation
of risks associated with these substances discharged into
the environment is of great interest and also, the develop-
ment of ecotoxicological tools that allow monitoring pro-
grams included in environmental management policies.
The release of genotoxic chemicals in natural ecosys-
tems has an impact on frequency of mutation, leading to
modifications of genetic pools of wild populations. These
adverse effects could alter the size of populations, affecting
ecosystem sustainability (Uhl et al. 2003). Both biochem-
ical and physiological changes as well as modifications in
DNA integrity, produced by an exposure to organic pol-
lutants, are utilized as an early signal of alarm of potential
degradation of ecosystems (Vasseur and Cossu-Leguille
2003). These biomarkers allow corrective action, because
if the exposition continues, a breakage in normal homeo-
stasis processes can occur, inducing irreversible damage
leading to the death of organisms (Torres et al. 2008).
According to the Argentine Crop Protection Association
(CASAEFE for its acronym in Spanish; CASAFE 2013) the
total volume of marketing pesticides in the year 2012 was
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317 million of liters. The main insecticide employed was
Chlorpyrifos, with a total of 2,982,957 1, representing more
than the half of all active ingredients with insecticide
characteristic. Besides, fungicides as Tebuconazole, are the
third more used type of pesticide, behind herbicides and
insecticides. These agrochemicals products are applied on
insects and fungi that affect a glyphosate tolerant trans-
genic variety of soybean which crops have reached to an
extension of fourteen million hectares in the last year all
around Argentina. They have been found in aquatic sys-
tems from 0.52 to 13 pg/l (Sdenz 2000; Saenz et al. 2009).

Among aquatic organism, microalgae have an important
role in aquatic system as they are a key component of food
chains in aquatic environments due to their fundamental
participation in energy conversion and ecosystem food web
maintenance. So that, it is crucial have early assessment
tools to evaluate toxic and genotoxic effects at the cellular
level, which can lead to disturbance in structure and pro-
ductivity of the algae community as these can induce direct
structural changes in the rest of the ecosystem (Villem
2011). Apart from that, they have short generation time,
and respond quickly to environmental changes, making
them a practical model for this type of evaluations (Prado
et al. 2009). Despite all mentioned above, there are few
studies assessing genotoxicity on microalgae. In the liter-
ature, the most common organisms which were used as
sentinel organisms in aquatic eco-genotoxicology, were
fish, followed by mussel and amphibian (Yaqin 2006).
There are few works in which genotoxicity is evaluated on
unicellular algae (Erbes et al. 1997; Sastre et al. 2001;
Aoyama et al. 2003; Desai et al. 2006; Akcha et al. 2008;
Prado et al. 2009), being single-celled, they can be used as
a model for assessment of DNA damage and monitoring
the environmental impact of xenobiotics compounds (Co-
telle and Férard 1999; Dhawan et al. 2008).

In the present study the genotoxic effects of the two most
used insecticide and fungicide commercial formulation in
transgenic soybean crops on common freshwater microal-
gae was assessed by the application of single-cell gel
electrophoresis assay, also called comet assay. This method
measures damage at the DNA level of living cells. There is
a variety of physical agents and chemical compounds that
can damage DNA of living cells. If not repaired these DNA
lesions can initiate a cascade of biological consequences at
the cells and finally at the population and community level
(Lee and Steinert 2003; Vasseur and Cossu-Leguille 2003).
Chlorpyrifos and Tebuconazole in formulation were
assessed due to: (a) they are the most used in soybean crop,
so its presence in freshwater systems of cultivated areas
may produce deleterious effects on green algae; (b) there is
evidence in several studies carried out with fish, mussels,
diatoms and lymphocytes that both pesticides are genotoxic
or have carcinogenic properties, fact that is supported by
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molecular chemical features; (c) pesticides database where
genotoxic effects are reported, usually are based on studies
performed with animal cells, rather than plant cells and less
with microalgae, so it is important to accumulate data on
responses and sensitivity of this fundamental and essential
group of organism to ecosystem function. The aims of this
study were: (i) contribute to the limited information about
the genotoxic effect of Chlorpyrifos and Tebuconazole on
microalgae, as there are scientific bases that these pesti-
cides are genotoxic to animal cells, but few studies on
microalgae; (ii) expand the knowledge about genototoxic
effects of these pesticides, as they are widely used all
around the world; (iii) apply microalgae in eco- genotoxi-
city test, specially the comet assay, as there are valuable
aspects to consider, such as prediction of effects at the
population level (as a consequence of cell level genotox-
icty), trans generational effects (high growth rate allows
several generations in short periods of time) and population
recovery anomalies as a consequence of exposure to pes-
ticides of genotoxic action. Based on this study of acute
exposition, potential long term genotoxic effects cannot be
estimated; these aspects will be considered in future
studies.

Materials and methods
Organisms and culture conditions

Two species of green algae belonging to the Phylum
Chlorophyta were used as test organisms. Pseudokirch-
neriella subcapitata strain 278/4 was obtained from the
Culture Collection of Algae and Protozoa, Institute of
Freshwater Ecology, United Kingdom (CCAP). Nan-
nochloris oculata strain LB/1998 was obtained from Uni-
versity of Valencia, Spain. Algae was maintained in
500 ml culture flasks containing 200 ml of mineral growth
USEPA medium (USEPA 2002a). The algal culture med-
ium was prepared by adding macro and micronutrient
solutions to Milli-Q water. The pH of medium was adjusted
to 7.5 (£0.1) using 0.1 N NaOH or HCI solutions as
described in USEPA (USEPA 2002a). The resulting culture
water had an average hardness of 200 mg/l (as CaCO3) and
an average alkalinity of 50 mg/l (as CaCO3). The medium
was filtered through a 0.45 pm pore diameter of cellulose
nitrate membrane in a vacuum. The medium was sterilized
by autoclaving (120 °C, 15 min). Algal cultures of both
species were grown under continuous illumination (86 pE/
m?/s) provided by white fluorescent lamps (General Elec-
tric F15 W/54) at 24 + 1 °C on an orbital shaker at
100 rpm. Every seventh day an aliquot of old culture was
subcultivated in freshly prepared sterile medium, so cul-
tures were maintained in exponential growth phase.
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Table 1 Physico-chemicals parameters of assayed agrochemicals

S Log Kow Log Koc H
Chlorpyrifos 0.4 4.8 4.13 29 x 107°
Tebuconazole 36 3.7 3.2 145 x 10710

S water solubility (mg/l), Kow octanol/water partition coefficient, Koc
sediment/water partition coefficient, H Henry constant (atm*m>/mol)

Pesticides

We used commercially formulated 48 % Chlorpyrifos
(0,0-diethyl -0-3,5,6- trichloropyridin-2-yl phosphoro-
thioate), an organophosphorus insecticide. The other
commercial formulation used was 43 % Tebuconazole
(RS)-1-(4-Chlorophenyl)-4,4-dimethyl-3-(1H,  1,2,4-tria-
zol-1-ylmethyl)pentan-3-ol) a triazole fungicide. Tebuco-
nazole and Chlorpyrifos analytical standards were from
Sigma (St. Louis, MO, USA). Nominal concentrations of
both pesticides after 24 h of exposure were monitored by
gas chromatography and mass spectrometer detector (GC—
MS) according Zambonin et al. (2002) and Boyd-Boland
et al. (1996), respectively. Briefly, they were extracted by
solid-phase microextraction fibers (SPME) coated with
100 pm of polydimethylsiloxane (PDMS) during 1 h at
30 °C, pH 8 and 10 % NaCl (w/v). Recoveries resulted in
90-110 % and the limit of quantitation for pesticides was
both 10 pg/L. Physico-chemicals parameters of active
ingredients of commercial formulations are shown in
Table 1 (Hornsby et al. 1996; USEPA 2012).

All other chemicals used through all the study, such as
solutions of nutrient medium, buffer solution and those
used along the process of the application of comet assay,
were of analytical quality and purchased from commercial
suppliers.

Treatment conditions

The toxicity of both pesticide commercial formulations to
microalgae species used in this study has been demon-
strated in previous studies (Saenz 2000; Saenz et al. 2009),
deriving effective concentrations (EC50) lower when the
active substance was tested in formulation.

Chlopyrifos and Tebuconazole (formulations) concen-
trations used in the present work were selected according
the observed effects on growth performing dose—response
algal toxicity test of 96 h of exposition following the
protocol described in Sdenz et al. (2012a) (Fig. 1). The
concentrations used were selected following two criteria:
(1) taken into account the 96 h LOEC value derived from
dose-response studies; (2) concentrations where algal
growth were inhibited between 60 and 80 % respect to the
control, at the end of 96 h of exposure. In this way, both

algae cultures were exposure to Tebuconazole concentra-
tions of 3 and 6 mg/l, while Chlorpyrifos assayed con-
centrations for P. subcapitata were 0.8 and 1.6 mg/l and
for N. oculata these concentrations were 10 and 100 mg/l.
Selected Chlorpyrifos concentration were so different
between both algae, as dose-response toxicity test shown
that P. subcapitata was more sensitive. Concentration
range of definitive test performing on this specie was
between 0.1 and 3.2 mg/l with a dilution factor of 0.5,
while this range for N. oculata was between 0.01 and
100 mg/l applying a dilution factor of 0.1. The different
sensitivity observed between these two species towards
Chlorpyrifos is due to cell features, explained later. Pesti-
cides stock solutions were prepared from commercial for-
mulations mentioned above, by dispensing an aliquot in
bidestilled and sterilized water. The nutrient USEPA
medium was supplied with different pesticide concentra-
tions from this stock solution, to achieve selected assay
concentrations, to a final volume of 10 ml. Treatment
pesticide concentrations were expressed as mg of active
ingredient. In addition to these, cultures without pesticides
were included as controls. Cultures were exposed to
100 pM hydrogen peroxide a model direct genotoxicant
agent, as positive control. Microalgae cultures were
exposed during their exponential growth phase of all the
experiments described above during 24 h. All experiments
were placed in a culture chamber at 23 °C in dark condi-
tion and were carried out in duplicate.

Effects of pesticides exposure on cell viability

Algal cell viability was systematically measured prior to
each experiment to assess the potential cytotoxic effects of
both pesticide exposure concentrations. This was an
important task in order to legitimate the use of the alkaline
comet assay as a reliable genotoxicity assessor. Viability
was assessed by means of two different tests:

Measure of chlorophyll “a” in vivo. Chlorophyll fluo-
rescence is considering a probe of photosynthesis in vivo, yet
the emission of fluorescence is related directly with light
absorbed by chlorophyll molecules and means a correct
function of photosystem II (PSII). PSII is indicative of the
whole rate of photosynthesis and is considered the most
vulnerable part of the photosynthetic apparatus when a
stressor is acting. Measure of chlorophyll “a” in vivo was
done with a Turner TD 700 fluorometer (USA) using an
excitation wavelength of 420 nm and measuring the emis-
sion at 630 nm. Correlation between fluorometric unit and
actual chlorophyll concentrations were made using a serial of
five standard of known concentrations prepared from pure
chlorophyll “a” extract. A cuvette was filled with ten mil-
liliters of controls and treated cultures and pigment con-
centrations were recorded. Algal cells of exposed cultures
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Fig. 1 Growth curves of green algae treated with different concentrations of Chlorpyrifos (a, b) and Tebuconazole (c, d)

were considered alive when chlorophyll concentration fluo-
rescence of treated cultures was equal or up to a 20 % less
than those of controls (Martinez 2013). Determinations were
recorded in pg chlorophyll “a”/ml. Results were expressed
as a percentage (%) of pigment respect to the control.

Measurement of chlorophyll auto-fluorescence. Emitted
(fluorescent) light as a consequence of illuminating algal
cells by a mercury lamp in a Nikon Eclipse 600 microscope
equipped with an epifluorescence device and respective
filters was used to measure auto-fluorescence of algal cells.
For this procedure treated and control cultures were cen-
trifuged, then re-suspended in phosphate buffered saline
(PBS), and mounted on a slide. One hundred to one hun-
dred and fifty cells were counted in control and treated
samples. Those cultures having a number of cells with
fluorescence emission not less than 80 % compared to
control were considered viable (Martinez 2013).

Comet assay
The alkaline single-cell gel electrophoresis or comet assay
was applied to detect the DNA damage induced after 24 h

of exposure to both pesticides in formulation on green
microalgae P. subcapitata and N. oculata. The comet assay
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protocol used was according the method applied in Di
Marzio et al. (2005) with a modification of algal cells,
related to lysing times (Martinez 2013).

Slide preparation

At the end of the exposure period, cells from each culture
(treated and controls) were centrifuged (2000 rpm, 5 min),
the supernatant was discarded and pellet re-suspended in
phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.4). Cell
suspensions were prepared in order to achieve a final
density of 7.69 x 10° cells/ml in the case of P. subcapitata
and 14.93 x 10° cells/ml in the case of N. oculata. Two
replicate slides were prepared for each treatment culture
and negative control. The procedure was as follows: 500 pl
of the cell suspension were mixed with 500 pl of a 1 %
low-melting point agarose solution in PBS. 80 pl of this
mixture were deposited on a slide to form the middle layer,
sandwiched between a bottom layer of 0.5 % normal-
melting point agarose solution in PBS and a top layer of
0.5 % low-melting agarose solution. The slides were
immediately placed on ice in the dark for ten minutes to
allow the agarose to solidify.
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Slide processing

Slides with coverslip removed were immersed in freshly pre-
pared cold lysis solution [2.5 M NaCl, 100 mM Na,EDTA.2
H,0, 10 mM Tris (pH 10), 1 % N-laurylsarcosinate, 1 %
Triton X-100, and 10 % dimethylsulfoxide (DMSO)] for
1.5 h. After a quick wash in electrophoresis buffer they were
placed in an horizontal electrophoresis tank and covered with
freshly prepared electrophoresis buffer (300 mM NaOH,
1 mM Na,EDTA-2H,, pH 13.5) for 20 min at room temper-
ature to allow DNA unwinding. Electrophoresis was con-
ducted with the same buffer for 30 min at 20 V and 300 mA.
At the end of electrophoresis, slides were washed by immer-
sion in neutralization buffer (0.4 M Tris, pH 7.5) for 10 min
and then stained with 20 pl of 2 pg/ml ethydium bromide
solution.

Slides reading and statistical analysis

Stained slides were observed at 1000x magnification using
a Nikon Eclipse 600 microscope equipped with epi-fluo-
rescence light path system with a mercury lamp. Images
were digitized using a magnification of 1000x with a basal
low-fluoresce immersion oil. Comets analysis was made
using CASP program (Casplab.com) measuring DNA
migration parameters, such as mean, standard deviation,
median and the 3rd quartile. % Tail DNA comet assay
parameter was choosen as it is not measured in arbitrary
units, being more meaningful and advisable for regulatory
purposes and for inter-laboratory comparisons (Kumarravel
and Jha 2006). A square root transformation was applied to
Tail DNA (%) data to stabilize the variances and approx-
imate a normal distribution. One hundred and fifty nucle-
oids were evaluated from each duplicate slide, per each
assayed concentration, according to Tice et al. (2000).
Measured values were shown by a box, with mean values
represented by closed squares. The whiskers marked 0.95
confidence intervals. Differences observed were evaluated
by one-way ANOVA according Zar (2010) and Dunnett’s
multiple comparison test was used to determine significant
differences among treatment groups and control groups
(not treated). These analyses were made by Statistica V8
program.

Results and discussion

Cultures exposed to Chlorpyrifos in formulation

Pseudokirchneriella subcapitata

After 24 h of exposure to selected concentrations (0.8 and
1.6 mg/l) of the commercial formulated insecticide,

Table 2 Cell viability (percentage of chlorophyll “a” in vivo con-
centration) of algal species after 24 h of exposure to selected pesti-
cides concentrations

Specie Control  Chlorpyrifos (mg/l) Tebuconazole
(mg/l)
08 16 10 100 3 6
P. subcapitata 100 96 32 nd. nd 100 100
N. oculata 100 nd. nd. 100 87 100 100

n.d. not determined

viability was determined. The results of chlorophyll “a”
in vivo content of algal cells exposed to Chlorpyrifos
evaluated fluorometrically expressed as percentage are
shown in Table 2. Cells exposed for 24 h to a concentration
of 0.8 mg/l did not show a significant difference in fluo-
rescence compared to the control, whereas those exposed to
1.6 mg/l shown a significant decrease in chlorophyll con-
tent of over 68 %. This result allowed conclude, that con-
centrations of 1.6 mg/l of Chlorpyrifos in formulation
resulted cytotoxic to P. subcapitata cells. Auto-fluores-
cence of algal cells was in accordance with the above
results, as cells count at 0.8 mg/l showed only a decrease in
a 10-20 % of cells emitting auto-fluorescence, determining
that such concentration did not result cytotoxic for this
specie. Nevertheless, algal cells exposed to the highest
concentration of 1.6 mg/I did not emit auto-fluorescence, in
accordance with chlorophyll “a” content measures.

The above results allowed the conduction of comet
assay on algal cells exposed to not citotoxic concentration
(only 0.8 mg/l). DNA damage of treated cells and control
cultures (negative and positive) are illustrated in Fig. 2a.
Chlorpyrifos in formulation was genotoxic to this algal
specie at a concentration of 0.8 mg/l, as significant dif-
ferences were found compared with control cells. At this
insecticide concentration mean values of % tail DNA was
21.9, Besides, 90 % of the cells had 51 % of DNA in tail,
indicating a fragmentation of nuclei. In this case the mean
value of tail DNA was 28.6, while 90 % of cells had a %
of tail DNA of 81. Control cells showed a mean value of
tail DNA of 2.1 % while 90 % of cells had only 8.6 %,
indicating a scarce fragmentation of nuclei.

Nannochloris oculata

The viability of exposed algal cells was measured after 24 h
of exposure to selected concentrations of 10 and 100 mg/1
of Chlorpyrifos in formulation. The results of “in vivo”
chlorophyll “a” content of algae cultures are shown in
Table 2. N. oculata cells exposed to both concentrations of
the insecticide had chlorophyll “a” in vivo concentrations
not significantly different from not exposed cells (control)

@ Springer



50

R. S. Martinez et al.

u Mean [] Mean+SE T Mean=+0,95 Conf. Interval (a)

T .

1

Square root of % Tail DNA
N

Pseudokirchneriella subcapitata

1 =

. (b)

4 gEs
K1

m Mean[] Mean+SE T Mean=0,95 Conf. Interval

3 Nannochloris oculata

2
0 1
Control Peroxide 0.8 mg/L Control Peroxide 10 mg/L 100 mg/L
7 6
m Mean [] Mean+SE ] Meanz0,95 Conf. Interval (C) * (d)
6 P
l:—l; 5 |
5 N

4 =3

Square root of % Tail DNA

4 = Ex

Nannochloris oculata

3
3
Pseudokirchneriella subcapitata ® Mean [] Mean+SE T Mean=0,95 Conf. Interval
2
1 = o
0 1
Control Peroxide 3 mg/L 6 mg/L Control Peroxide 3 mg/L 6 mg/L

Fig. 2 Effect of Chlorpyrifos on DNA integrity of P. subcapitata (a),
N. oculata (b) and of Tebuconazole on P. subcapitata (c), N. oculata
(d). Exposure to the direct genotoxicant hydrogen peroxide (Peroxide)

(p > 0.05). These determinations indicated that such con-
centrations did not result cytotoxic for this specie, being in
concordance with the evaluation of auto-fluorescence that
showed, for both concentrations, similar proportions of
emitting cells than control. The comet assay was conducted
with algae exposed to both concentrations of insecticide
formulation. Results obtained in the assay showed that both
concentrations of 10 and 100 mg/l induced DNA damage in
cells of N. oculata after 24 h of exposition (Fig. 2b). At
these concentrations significantly differences were found
between exposed algal cells and control ones (p < 0.05).
Mean values of tail DNA were 15 and 19 %, respectively,
while 90 % of nuclei had a percentage of DNA present in
the comet tail (% tail DNA) of 33 and 38, respectively.
Treatment concentrations showed a dose-dependent DNA
damage, as it was increased as insecticide concentration
increase. The measured Chlorpyrifos concentrations after
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(100 uM). *Significantly different at p < 0.05 (One-way ANOVA-
Dunnett test)

24 h did not differ more than 10 % with respect to the
nominal values.

Genotoxicity of Chlorpyrifos

In the present study, Chlorpyrifos formulation produced a
genotoxic effect on both species. The lower concentration of
this insecticide needed to exert a genotoxic effect over N.
oculata (10 mg/1) cells were higher than for P. subcapitata
(0.8 mg/l). As mentioned above, the different sensitivity
observed between these two species towards Chlorpyrifos is
due to cell features. Cells of N oculata are surrounded by a
layer of mucilage involving the cells, that would act as an
adherent surface for component of the formulation or the
active ingredient itself, since as indicated in Table 1, Koc of
Chlorpyrifos is 4.13 which means that has tendency to stick
to organic matrices. Bioavailability would be reduced, not
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being incorporated into the cell, resulting in less toxic
effects. This layer is absent in P. subcapitata cells, so the
substances are incorporated into the cells, producing more
severe toxicological effects on cell division and growth
(Schubert 2003).

There are few studies about genotoxic effects of
Chlorpyrifos on algae. Akcha et al. (2008) evaluated the
genotoxicity of different pesticides, among them Chlor-
pyrifos (in commercial formulation), on the dinoflagellate
algae Karenia mikimotoi. They found that a concentration
of 1 pg/l was enough for caused DNA damage. There is
evidence that Chlorpyrifos produce genetic damage in vivo
and in vitro different biological models, using different
approaches such as, chromosome aberrations, micronuclei,
mutagens and even comet assays. Rahman et al. (2002)
tested the ability to induce in vivo genotoxic effects of
Chlorpyrifos, orally administered, on mice leukocytes.
They found that 24 h after treatment with 0.28 mg/kg of
b.w. caused a significant increase in mean comet tail length
indicating DNA damage, which was dose related. Ali et al.
(2008) measured the genotoxic effect of this insecticide on
lymphocytes and gill cells of the freshwater fish Channa
punctatus. After 96 h of exposure the authors found DNA
damage, as a percentage of tail DNA, from concentrations
of 203 pg/l. Mehta et al. (2008) reported that Chlorpyrifos
cause dose-dependent increase in DNA damage in the liver
and brain of exposed rats. Studies conducted on human
leukocytes shown that 25 mg/l of Chlorpyrifos provoked
duplication of comets length respect to control cells (Vin-
das et al. 2004).

Cultures exposed to Tebuconazole
Pseudokirchneriella subcapitata

Applying the same methods than with the previous pesti-
cide, viability of algae cells was determined. The results of
chlorophyll “a” content of cells exposed to Tebuconazole
evaluated fluorometrically are shown in Table 2. None of
the two concentrations evaluated exerted effects in chlo-
rophyll “a” content as both did not differ significantly from
the control. These determinations indicated that such con-
centrations of Tebuconazole in formulation did not result
cytotoxic for the cells of this specie. This was in accor-
dance with the proportion of cells with auto-fluorescence of
exposed cultures and those considered controls. Statistical
analysis of comet assay showed that there was a significant
difference between cells exposed to 3 and 6 mg/l and
control (p < 0.05) (Fig. 2¢). This means that the fungicide
at assayed concentration caused a genotoxic effect on the
cells. Cells exposed to 3 mg/l resulted in mean values of %
tail DNA of 24, while 90 percentile had a % tail DNA
value of 54. At higher concentration of 6 mg/l, these values

were 35 and 66, showing increasing damage when
increasing concentration.

Nannochloris oculata

Cell viability data taken by fluorometric determinations of
control and cultures exposed to 3 and 6 mg/l of Tebuco-
nazole in formulation were similar between them, indi-
cating that fungicide did not exert cytotoxic action
(Table 2). The proportion of cells (control and exposed)
with auto-fluorescence were similar, agreeing with previ-
ous results.

Both concentrations resulted genotoxic to this specie, as
statistical analyses shown differences from control cells
(Fig. 2d). Cells exposed to 3 mg/l showed a mean % tail
DNA of 18, while 90 % of cells had a % tail DNA of 42,
generating a significant difference from control ones
(» < 0.05). At 6 mg/l these values were greater, (22 and
47) yielding a significant difference from not exposed cells
(p < 0.05). Anyway both assay concentrations of Tebuco-
nazole in formulation were more harmful to P. subcapitata,
as a % of tail DNA of treated cells were higher than those
found in N. oculata. The measured Tebuconazole concen-
trations after 24 h did not differ more than 10 % with
respect to the nominal values.

Cells of both species exposed to hydrogen peroxide
(positive control) presented significant genotoxic damage,
the effect was systematically observed at 100 pM, yielding
a mean value of % tail DNA of 28 for P. subcapitata and
26 for N. oculata. These results justify its use as a positive
control for the comet assay.

Genotoxicity of Tebuconazole

Tebuconazole in formulation exerted genotoxic action on
both species in both exposition concentrations, being a bit
more aggressive to P. subcapitata. A study had observed a
drastic reduction in carbohydrates, proteins and sugar levels
in three species of cyanobacteria after being in the presence
of this fungicide (Kumar et al. 2012). These authors propose
that the reduced algal growth observed could be caused by a
decrease in levels of enzymes and in the synthesis of
structural proteins. The present work showed that the fun-
gicide employed concentrations provoked damage in
genetic material which eventually could trigger imbalances
in normal amount of different proteins required by the
organisms. Akcha et al. (2008) evaluated the genotoxicity
of Epiconazole (also a triazole fungicide) in the commercial
formulation on the microalga K. mikimotoi. The authors
found that this fungicide increased the DNA strand breaks at
the highest tested concentration of 100 pg/l.

Chemicals striking the integrity of cellular DNA are
potentially mutagenic and carcinogenic agents. Tebuconazole
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is listed as a possible carcinogen rated as C (possible carcin-
ogen) according to USEPA (USEPA 2002b) and USEPA
(USEPA 2010), so the effects observed on microalgae is an
important evidence of genotoxic potential. The production of
damage on DNA strands correlates with the mutagenic and
carcinogenic properties of environmental pollutants with
diverse structures. Several studies have demonstrated that
fungicide Imazali, whose chemical structure and mode of
action is similar to Tebuconazole, produced genotoxic dam-
age on DNA strands when human lymphocytes were exposed
to 75 mg/l (Vindas, et al. 2004). Others triazole fungicides
such as, Epoxiconazole, Cyproconazole, Fluconazole, Propi-
oconazole, Triadimenol were responsible of genotoxic dam-
age in hepatic cells, liver cells and lymphocytes (Fucic et al.
2008; Goetz and Dix 2009; Nesnow et al. 2011; OEHHA
2011).

Genotoxicity of pesticides on algae

Ruptures than occur in DNA molecules can be produced by
direct action of Chlorpyrifos and Tebuconazole on genetic
material, consisting in the chemical modification of DNA.
This modification produces alterations on nitrogenous
bases, either adducts or abasic sites of the molecule. Most
of the substances considered genotoxic or carcinogenic are
highly electrophilic or can be activated to electrophilic
metabolites once inside the cell, by xenobiotic detoxifica-
tion mechanisms of the living organisms. Electrophilic
molecules are capable of covalently bonding to biological
molecules. Phosphoryl group of Chlorpyrifos is an elec-
trophilic site that can react with DNA molecule. Alkyl
group has the capacity of reaction with nucleophilic centers
of DNA molecules, as nitrogen 7 of the guanine. The alkyl
group and the triazole polar ring of Tebuconazole facilitate
the binding to the DNA molecule altering and reacting with
the molecule. In this way Chlorpyrifos and Tebuconazole
could be acting as alkylating agents, reacting with highly
nucleophilic centers of nitrogen atoms of DNA or with
oxygen atoms. The alkylation of oxygen is related to
mutagenic effects while of nitrogen is related to citotox-
icity. Phosphoryl polarity (in Chlorpyrifos) and triazole
ring (in Tebuconazole) could favor the binding with DNA,
which would lead to adduct formation that would be
translated in breakage when comet assay is performed.
Furthermore there is evidence that Chlorpyrifos inhibits the
synthesis of DNA (Qiao et al. 2003).

There are few studies about the genotoxic damage on
algae species caused by the action of other pesticides.
Debenest et al. (2008) found that an exposure of a fresh-
water benthic diatom community to the herbicide maleic
hydrazine, elicited nucleus alterations observed as: abnor-
mal nucleus location, micronucleus, multinuclear cell or
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disruption of the nuclear membrane. Apart from that, an
induction of abnormal frustules was observed. Their results
suggest that the alterations could be related to the effects of
maleic hydrazine on the synthesis of the proteins involved
in frustule formation or in the regulation of the cytoskel-
eton of the diatom cells. In another study it was demon-
strated, by application of the comet assay, that Triclosan
exerted significant genotoxic effects on Closterium ehren-
bergii at 0.25 mg/l; and in higher concentrations caused
irreversible alterations in DNA strands (Ciniglia et al.
2005). Prado et al. (2009) demonstrated that the herbicide
Paraquat induce significant DNA damage in cells of the
freshwater microalga Chlamydomonas moewusii after 24 h
of exposure to 0.05 pM. Akcha et al. (2008) also evaluated
the genotoxicity of the active substance of insecticide
endosulfan on the microalga K. mikimotoi observing that a
concentration of 1 pg/L. was enough to caused DNA
damage.

Respect to environmental concentrations of pesticides
used in agricultural practices, it is worth to consider that
due to the large extensions of land to be treated with
agrochemicals substances, aerial applications are the
practice most frequently chosen. In these situations agro-
chemicals are sprayed directly on streams and rivers or
they entry to aquatic systems by spray drift. Depending on
rainfall intensity, the amount of water leaving the fields via
surface runoff can be important; heavy rain occurs during
pampasic summer which is the season where transgenic
soybean is grown. As a result of these practices, high
concentrations of agrochemicals used in soybean crops can
be found in aquatic systems, causing genotoxic effects on
microalgae reported in this study, besides others effects on
photosynthesis, growth and oxidative stress enzyme just
reported in Saenz et al. 2009 and Séenz et al. 2012a, b.

Conclusion

An induction of genotoxic damage in P. subcapitata and N.
oculata by both Chlorpyrifos and Tebuconazole in for-
mulation was evidenced by the application of the comet
assay method. The differential sensitivity of the two green
algae was compared. In cells of evaluated species, the
comet assay evidenced damage at the level of simple
strands of the DNA molecule in concentrations were cy-
totocicity was not evident, demonstrating that are models
to take into account in ecological risk assessments for
aquatic environments.

At the moment of making an assessment of the genomic
integrity, it is important to have a reliable methodology
since it has been proposed that an increase in its instability
plays a critical role in the decrease of aptitude thus in
population permanence, not only in the laboratory but also
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in field conditions (Jha 2008). If the modifications are not
repaired or it is not efficiently repaired, DNA damage will
bring effects in subsequent development, deteriorating
algae population dynamics as well as the reproductive
success of exposed organisms. This would lead to adverse
effects in the long term survival of populations and there-
fore affecting ecosystems quality.

The Comet assay could reflex an important damage in
DNA integrity, so it is probable that this leads ripple effects
on higher levels of biological organization. Hence if what
is sought is predicted potential ecological consequences, it
is a methodology to take into account. We concluded that it
can be considered that the comet assay provides an eco-
nomic, sensible and fast method for observation of DNA
breaks in algae, which is ideal as a not specific genotoxical
biomarker and could be an important aspect of environ-
mental genotoxicity monitoring in surface waters, espe-
cially on this fundamental group of organisms.

Acknowledgments This research was supported by Department of
Basic Sciences and Secretary of Sciences and Technique founds from
3.5, National University of Lujan, Buenos Aires, Argentina.

Conflict of interest The authors declare that they have no conflict
of interest.

References

Akcha F, Arzul G, Rousseau R, Bardouil M (2008) Comet assay in
phytoplankton as biomarker of genotoxic effects of environ-
mental pollution. Mar Environ Res 66:59-61

Ali D, Nagpure NS, Kumar S, Kumar R, Kushwaha B (2008)
Genotoxicity assessment of acute exposure of chlorpyrifos to
freshwater fish Channa punctatus (Bloch) using micronucleus
assay and alkaline single-cell gel electrophoresis. Chemosphere
71:1823-1831

Aoyama K, Iwahori K, Miyata N (2003) Application of Euglena
gracilis cells to comet assay: evaluation of DNA damage and
repair. Mutat Res 538:155-162

Boyd-Boland AA, Magdic S, Pawliszyn JB (1996) Simultaneous
determination of 60 pesticides in water using solid-phase
microextraction and gas chromatography—mass spectrometry.
Analyst 121:929-937

CASAFE (Camara Argentina de Productos Sanitarios y Fertilizantes).
2013. Registro de plaguicidas. Informe de relevamiento de uso
de plaguicidas a nivel nacional. http://www.casafe.org/.2013.
Accessed May 2013

Ciniglia C, Cascone C, Lo Giudice R, Pinto G, Pollio A (2005)
Application of methods for assessing the geno- and cytotoxicity
of Triclosan to C. ehrenbergii. ] Hazard Mater 122:227-232

Cotelle S, Férard JF (1999) Comet assay in genetic ecotoxicology: a
review. Environ Mol Mutagen 34:246-255

Debenest T, Silvestre J, Coste M, Delmas F, Pinelli E (2008)
Herbicide effects on freshwater benthic diatoms: induction of
nucleus alterations and silica cell wall abnormalities. Aquat
Toxicol 88:88-94

Desai SR, Verlecar XN, Goswami U (2006) Genotoxicity of cadmium
in marine diatom Chaetoceros tenuissimus using the alkaline
Comet assay. Ecotoxicology 15:359-363

Dhawan A, Bajpayee M, Parmar D (2008) Comet assay: a reliable
tool for the assessment of DNA damage in different models. Cell
Biol Toxicol 25:5-32

Di Marzio WD, Saenz ME, Lemiere S, Vasseur P (2005) Improved
single-cell gel electrophoresis assay for detecting DNA damage
in Eisenia foetida. Environ Mol Mutagen 46:246-252

Erbes M, Welller A, Obst U, Wild A (1997) Detection of primary
DNA damage in Chlamydomonas reinhardtii by means of
modified microgel -electrophoresis. Environ Mol Mutagen
30:448-458

Fucic A, Markovi D, Herceg Z, Gamulin M, Katic J, Stojkovic R,
Ferencic Z, Mildner B, Jazbec AM, Dobranic T (2008)
Developmental and transplacental genotoxicology: fluconazole.
Mutat Res 657:43-47

Goetz AK, Dix DJ (2009) Mode of action for reproductive and
hepatic toxicity inferred from a genomic study of triazole
antifungals. Toxicol Sci 110:449-462

Hornsby AG, Wauchope R, Herner AE (1996) Pesticide properties in
the environment. Springer, New York, p 227

Jha A (2008) Ecotoxicological applications and significance of the
comet assay. Mutagenesis 23:207-221

Kumar N, Bora A, Kumar R, Ambi MK (2012) Differential effects of
agricultural pesticides endosulfan and tebuconazole on photo-
synthetic pigments, metabolism and assimilating enzymes of
three heterotrophic, filamentous Cyanobacteria. J Biol Environ
Sci 6:67-75

Kumarravel TS, Jha AN (2006) Reliable Comet assay measurements
for detecting DNA damage induced by ionising radiation and
chemicals. Mutat Res 605:7-16

Lee RF, Steinert S (2003) Use of the single cell gel electrophoresis/
comet assay for detecting DNA damage in aquatic (marine and
freshwater) animals. Mutat Res 544:43-64

Martinez RS (2013) Evaluacion de los efectos sobre la tasa de
division celular y genotoxicos de formulaciones comerciales de
plaguicidas sobre dos especies de algas verdes (Chlorophyceae)
dulceacuicolas. Graduation Thesis, Universidad Nacional de
Lujan, Lujan

Mehta A, Verma RS, Srivastava N (2008) Chlorpyrifos-induced DNA
damage in rat liver and brain. Environ Mol Mutatgen
49:426-433

Nesnow S, Padgett WT, Moore T (2011) Propiconazole induces
alterations in the hepatic metabolome of mice: relevance to
propiconazole-induced  hepatocarcinogenesis. Toxicol  Sci
120:297-309

Office of Environmental Health Hazard Assessment (OEHHA) (2011)
Triazole Antifungal Agents. WHO, Geneve

Prado R, Garcia R, Rioboo G, Herrero C, Abalde J, Cid A (2009)
Comparison of the sensitivity of different toxicity test endpoints
in a microalga exposed to the herbicide paraquat. Environ
Internat 35:240-247

Qiao D, Seidler FM, Violin J, Slotkin T (2003) Nicotine is a
developmental neurotoxicant and neuroprotectant: stage-selec-
tive inhibition of DNA synthesis coincident with shielding from
effects of chlorpyrifos. Develop Brain Res 147:183-190

Rahman MM, Mahboob K, Danadevi B, Banu B, Grover P (2002)
Assessment of genotoxic effects of chloropyrifos and acephate
by the comet assay in mice leucocytes. Mutat Res 516:139-147

Saenz ME (2000) Estudios de los efectos de contaminantes sobre
poblaciones algales de agua dulce. Doctoral Thesis, Facultad de
Ciencias Naturales y Museo, Universidad Nacional de La Plata,
La Plata

Saenz ME, Di Marzio WD, Ambrini G (2009) Toxicidad de
insecticidas organofosforados utilizados en cultivo de soja sobre
productores primarios. Rev Arg Ecotoxicol Contam Amb
1:29-36

@ Springer


http://www.casafe.org/.2013

54

R. S. Martinez et al.

Sdenz ME, Di Marzio WD, Alberdi JL (2012a) Assessment of
Cyfluthrin commercial formulation on growth, photosynthesis
and catalase activity of green algae. Pest Biochem Physiol
104:50-57

Sdaenz ME, Di Marzio WD, Alberdi JL (2012b) Effects of a
commercial formulation of Cypermethrin used in Biotech
Soybean Crops on Growth and Antioxidant Enzymes of Fresh-
water Algae. Inter J Environ Prot 2:15-22

Sastre MP, Vernet M, Steinert S (2001) Single-cell gel/comet assay
applied to the analysis of UV radiation—induced DNA damage in
Rhodomonas sp. (Cryptophyta). Photochem Photobiol 74:55-60

Schubert LE (2003) Nonmotile coccoid and colonial green algae. In:
Wehr JD, Sheath RG (eds) Freshwater Algae of North America.
Academic Press, New York

Tice RR, Agurell E, Anderson D, Burlinson B, Hartmann A,
Kobayashi H, Miyamae Y, Rojas E, Ryu JC, Sasaki YF (2000)
Single cell gel/comet assay: guidelines for in vitro and in vivo
genetic toxicology testing. Environ Mol Mutag 35:206-221

Torres MA, Barros MP, Campos SC, Pinto E, Rajamani S, Sayre RT,
Colepicolo P (2008) Biochemical biomarkers in algae and
marine pollution: a review. Ecotoxicol Environ Saf 71:1-15

Uhl M, Plewa MJ, Majer BJ, Knasmiiller S (2003) Basic principles of
genetic toxicology with an emphasis on plant bioassays. In:
Maluszynska J, Plewa M (eds) Bioassays in Plant Cells for
Improvement of Ecosystem and human health: A course manual.
Wydawnictvo Uniwersytetu Slaskiego, Katowice, Poland, pp 11-30

US Environmental Protection Agency, EPA (2002a) Selenatrum
capricornutum growth test. In: short-term methods for estimating
the chronic toxicity of effluents and receiving water to freshwater

@ Springer

organisms. EPA/821-R-02-013 U.S. Environmental Monitoring
and Support Laboratory Office of Research and Development,
Cincinnati, Ohio

US Environmental Protection Agency, EPA (2002b) Office of
Pesticide Programs List of Chemicals Evaluated for Carcino-
genic Potential

US Environmental Protection Agency EPA (2010) Tebuconazole;
Pesticide tolerances Federal Register.752442124428

US Environmental Protection Agency, EPA (2012) Estimation
Programs Interface Suite™ for Microsoft® Windows, v 4.11.
United States Environmental Protection Agency, Washington,
DC, USA

Vasseur P, Cossu-Leguille C (2003) Biomarkers and community
indices as complementary tools for environmental safety.
Environ Intern 28:711-717

Villem A (2011) Algae Pseudokirchneriella subcapitata in environ-
mental hazard evaluation of chemicals and synthetic nanopar-
ticles. PhD Thesis, Institute of Agricultural and Environmental
Sciences, Estonian University of Life Sciences

Vindas R, Ortiz F, Ramirez V, Cuenca P (2004) Genotoxicidad de tres
plaguicidas utilizados en la actividad bananera de Costa Rica.
Rev Biol Trop 52:601-609

Yaqin K (2006) Ecotoxicological Assessment of Aquatic Genotox-
icity Using the Comet Assay. Hayati J Bios 13:124-130

Zambonin CG, Cilenti A, Palmisano F (2002) Solid-phase microex-
traction and gas chromatography-mass spectrometry for the rapid
screening of triazole residues in wine and strawberries. J Chro-
matogr 967:255-260

Zar JH (2010) Biostatistical Analysis. Pearson, Boston



	Genotoxic effects of commercial formulations of Chlorpyrifos and Tebuconazole on green algae
	Abstract
	Introduction
	Materials and methods
	Organisms and culture conditions
	Pesticides
	Treatment conditions
	Effects of pesticides exposure on cell viability
	Comet assay
	Slide preparation
	Slide processing
	Slides reading and statistical analysis

	Results and discussion
	Cultures exposed to Chlorpyrifos in formulation
	Pseudokirchneriella subcapitata
	Nannochloris oculata

	Genotoxicity of Chlorpyrifos
	Cultures exposed to Tebuconazole
	Pseudokirchneriella subcapitata

	Nannochloris oculata
	Genotoxicity of Tebuconazole
	Genotoxicity of pesticides on algae

	Conclusion
	Acknowledgments
	References


