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microalga exposed to the herbicide paraquat
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Abstract

The use of herbicides constitutes the principal method of weed control but the introduction of
these compounds into the aquatic environment can provoke severe consequences for non-
target organisms such as microalgae. Toxic effects of these pollutants on microalgae are
generally evaluated using phytotoxicity tests based on growth inhibition, a population-based
parameter. However, physiological cellular endpoints could allow early detection of cell stress
and elucidate underlying toxicity mechanisms. Effects of the herbicide paraquat on the
freshwater microalga Chlamydomonas moewusiiwere studied to evaluate growth rate and
cellular parameters such as cellular viability and metabolic activity assayed by flow cytometry
and DNA damage assayed by the comet assay. Sensitivity of growth and parameters assayed
by flow cytometry were similar, showing a significant effect in cultures exposed to a paraquat
concentration of 0.1 uM or higher, although in cultures exposed during 48 h to 0.05 uM, a
significant stimulation of cellular fluorescein fluorescence was observed, related to cellular
metabolic activity. After only 24 h of herbicide exposure significant DNA damage was observed
in microalgal cells exposed to all paraquat concentrations assayed, with a 23.67% of comets in
cultures exposed to 0.05 uM, revealing the genotoxicity of this herbicide. Taking into account
the results obtained, comet assay provides a sensitive and rapid system for measuring primary
DNA damage in Chlamydomonas moewusii, which could be an important aspect of

environmental genotoxicity monitoring in surface waters.
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1. Introduction

Aquatic environments, including freshwater, estuaries and coastal marine waters, are often
contaminated with numerous organic and inorganic compounds, such as pesticides (Steen et
al., 1999, Fatokio and Awofolu, 2004, Hela et al., 2005 and Kumari et al., 2007). As much as ca.
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99.7% of the applied load of pesticides is dispersed in the environment, not reaching the target
pests. In this way, pesticides enter into aquatic ecosystems from agricultural runoff or leaching
and, as a consequence, have become some of the most frequent organic pollutants in these
ecosystems (Pimentel, 1995 and Ibanez et al., 1996). The increasing occurrence of pollutants in
general, and herbicides in particular, has stimulated many studies related to their toxicity on
aquatic microorganisms, and the need for convenient methods to allow assaying pollutants
toxicity has become evident.

Most phytotoxicological research with herbicides has been conducted on target plants. The
sensitivity of algae to many herbicides is very high, and a better understanding of their
environmental effects may be acquired by using test species representing non-target groups
(Haglund, 1997). Because of their short generation times, microalgae respond rapidly to
environmental changes and, since these organisms are an important part of the base of the
aquatic food web, any effect on them could affect higher trophic levels (De Lorenzo et al., 2002
and Rioboo et al., 2007) with organisms that generally respond on longer time scales
(McCormick and Cairns, 1994). Furthermore, microalgal tests are generally sensitive, rapid and
cost-effective (Sosak-Swiderska et al., 1998). For these reasons, the use of microalgal toxicity
tests is increasing, and today these tests are frequently required by authorities for notifications
of chemicals and are also increasingly being used to manage chemical discharges (Mayer et
al., 1997).

The response of microalgae to a toxicant is typically measured using population-based
parameters, such as specific growth rate, biomass, cell yield, chlorophyll fluorescence and
primary production. Flow cytometry is an alternative to the standard algal population-based
endpoints, since it allows a rapid and quantitative measurement of responses of individual algal
cells to toxic stress. Using this technique, simultaneous measurements of multiple cellular
parameters are made separately on each cell within the suspension, in near in vivo conditions,
and not just as average values for the whole population (Carter and Meyer, 1990).

Several compounds of polluted water are reported to be capable of interacting with the DNA of
living cells, and therefore cause genotoxic effects (Galloway et al., 2002 and Mouchet et al.,
2007). Sources of genotoxins are agricultural drainage containing DNA-damaging pesticides
(Plewa et al., 1984 and Kale et al., 1995). The assessment of genotoxic potential in surface
water is one of the main tasks of environmental monitoring for the control of pollution. Animal
organisms, such as fish or mussels, have been examined intensively (Stahl, 1991, Wilson et al.,
1998, Large et al., 2002, Avishai et al., 2003, Laffon et al., 2006 and Sharma et al., 2007),
whereas relatively little information is available on the susceptibility of water plants and plankton
organisms (Majer et al., 2005). Alkaline single-cell gel electrophoresis, also known as the comet
assay, is reported as a useful and sensitive technique for genotoxicity monitoring (Cotelle and
Férard, 1999 and Tice et al., 2000). Because of its simple procedure, high sensitivity, short
response time and the requirement of relatively small number of cells and test substances, it
has been a powerful tool for the determination of genotoxicity (Aoyama et al., 2003 and Avishai

et al., 2003). Furthermore, this test method is applicable to any kind of eukaryotic cell and is



independent of proliferation or cell cycle status, reported as being a suitable tool for measuring
primary DNA damage in microalgae (Erbes et al., 1997).

Paraquat (1,1'-dimethyl-4,4"-bipyridilium dichloride) is a non-selective herbicide widely used to
prevent the growth of broad leaf weeds and grasses, mainly in railways and roadsides.
Information about the influence of these chemicals on the lowest level of the food chain is
scarce (lbrahim, 1996, Bray et al., 1993 and Saenz et al., 1997).

In the present study, paraquat toxicity assessment was conducted in the laboratory on the
freshwater green microalga Ch/amydomonas moewusii, to determine the effect of this herbicide
on microalgal growth, the most used parameter in microalgal toxicity assays, as well as the
effect of paraquat on cell viability and metabolic activity using protocols of flow cytometry; the
potential genotoxicity of the herbicide was also assayed using the alkaline single-cell gel

electrophoresis or comet assay.

2. Materials and methods

2.1. Microalgal cultures

C. moewusii Gerloff (Chlamydomonadaceae) was obtained from the Culture Collection of Algae
and Protozoa of Dunstaffnage Marine Laboratory (Scotland, UK) (strain CCAP 11/5B) and was
maintained in autoclaved (121 °C, 20 min) Bristol medium ( Brown et al., 1967). The inoculum
was taken from a 3-day-old culture, with the aim of using cells growing in a logarithmic phase
for all experiments. Cultures were grown in autoclaved 500 ml Pyrex glass bottles containing
300 ml of sterile medium. Microalgal cultures were maintained at 18 £ 1 °C, illuminated with
68.25 pmol photon m-2 s-1, with a dark:light cycle of 12:12 h, and continuously aerated, for 48 h.
Initial cell density for each experiment was 4 x 10s cells ml-1.

The paraquat concentrations used in the present work were selected in function of the observed
effect on growth in previous studies carried out during 96 h; these concentrations were 0.05 yM
(lower than the ECs), 0.1 uM (ca. the ECs) and 0.2 uM (higher than the ECs). Herbicide stock
solution (1 mM) was prepared by dissolving granulated herbicide paraquat (Sigma; MW: 257.2)
in distilled and sterilized water. In addition to these, cultures without paraquat were also

included as a control. All experiments were carried out in duplicate.

2.2. Growth measurement

Growth of microalgal cultures was measured by counting daily culture aliquots in a Coulter
Epics XL4 flow cytometer equipped with an argon-ion excitation laser (488 nm). To exclude
non-algal particles, chlorophyll-afluorescence was used, and red fluorescence histograms
(> 645 nm) were used as a gate. Total cells present in a known volume of culture were counted
and then cell density was calculated.

Growth rates () expressed as day-* were calculated using the following formula:



pu=[In(Nt)—In(N,)]/In2(t—t,) where AM:is the cell density at time fand At is the cell

density at time 0.

2.3. Cell viability determination

Cell viability was analysed by flow cytometry using the fluorescent emission of cells stained with
propidium iodide (Pl). Pl is a fluorescent dye that intercalates with double-stranded nucleic
acids to produce red fluorescence when excited by blue light. Because of its polarity, it is unable
to pass through intact cell membranes; however, when the cell dies the integrity of the cell
membrane fails, and Pl is able to enter and stain the nucleic acids (Ormerod, 1990). In this way,
PI can be used to discriminate between viable non-fluorescent cells and non-viable fluorescent
cells (Cid et al., 1996 and Franqueira et al., 2000).

Aliquots of 2 x 10s cells ml-* resuspended in phosphate buffered saline solution were stained
with Pl at a final concentration of 2.5 ug ml-1 (3.74 uM), during an incubation period of 10 min, at
room temperature and in darkness conditions. This fluorochrome concentration was established
to allow the stain of 100% of non-viable cells, not affecting fluorescence or toxic to the viable
cells. At least 104 cells were analysed per culture. Results are expressed as the percentage of

non-viable cells vs. the total amount of cells analysed by flow cytometry.

2.4. Metabolic activity determination

Cytometric quantification of cellular fluorescence upon cleavage of fluorescein diacetate (FDA)
was reported as a sensitive and rapid technique to assess phytoplankton metabolic
activity(Jochem, 1999). Bentley-Mowat (1982) first reported that the intensity of fluorescence
derived from the cleavage of FDA appeared to depend on the “metabolic vigour” of the cells.
FDA is a non-polar, non-fluorescent lipophilic molecule that diffuses across cell membranes
freely. Inside the cell, non-specific esterases break the FDA molecule into one brightly
fluorescing fluorescein and two acetates. Since its high polarity, the fluorescein is trapped within
cells exhibiting cell membrane integrity, and the fluorescence intensity will therefore increase
over time depending on the metabolic activity of those esterases.

Many authors have used the FDA cytometric assay as an indicator of viability in microalgal cells
exposed to cytotoxic conditions. After entering the cell, its acetate residues are cleaved off by
non-specific esterases and the polar hydrophilic fluorescent product fluorescein is retained by
cells with intact plasma membranes. In this way, cells with altered membranes rapidly leak the
dye, even if they retain some residual esterase activity, and remain non-fluorescent (Lage et al.,
2001). Since fluorescein is accumulated by active cells, metabolic activity can be measured by
means of the fluorescent intensity signal emitted by cells, which is proportional to the amount of
accumulated fluorescein and the time elapsed.

Proportion of metabolic active cells in the population were analysed by a single-staining FDA
cytometric assay after 24 and after 48 h of herbicide exposure. A stock solution of FDA was

prepared at a concentration of 100 ug ml-1in dimethylsulfoxide (0.24 mM) and stored at — 20 °



C. Aliquots of 2 x 105 cells ml-‘resuspended in phosphate buffered saline solution were
incubated with FDA at a final concentration of 0.05 yg ml-1 (0.12 yM), during 15 min at room
temperature and in darkness conditions. FDA concentration and incubation time were
established so that the fluorescence originated in the cell is significant and stable. At least
104 cells were analysed per culture. FDA-derived fluorescence was detected in FL1 detector
(488-550 nm; voltage: 560, gane: 1) in a logarithmic scale. Results are expressed as
percentage of metabolically non-active cells vs. the total amount of cells analysed by flow
cytometry. Furthermore, we examined the effect of paraquat on the fluorescein fluorescence
intensity generated in cells, indicative of the metabolic activity level, taking into account only
active cells, and the results are expressed in percentage of mean fluorescence of cultures

exposed to paraquat compared with control cultures at each point in time.

2.5. 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 the herbicide paraquat on C. moewusii.

The comet assay protocol used is a modification of the original protocol (Singh et al., 1988)
adapted to planktonic algae by Erbes et al. (1997), with an additional modification that is the
DNA staining by adding 50 yl SYBR Green (SYBR Green | Nucleic acid Gel Stain) 100x to each
slide, and not the conventional DAPI or ethidium bromide staining.

Two replicate slides were prepared for each treatment culture and negative control. Slides were
observed at 400x magnification using an epifluorescence microscope Nikon Eclipse E400
equipped with a mercury lamp, with blue light as an excitation light, since SYBR Green emits
green fluorescence when excited with blue light. The number of normal nuclei and number of
comets were counted, converted into percentages and tabulated. At least 100 randomly chosen

cells from duplicate slides were examined for each culture (at least 50 cells per slide).

Photographs of normal nuclei and comets were taken with a high-definition cooled colour

camera Nikon DS-5Mc, and images were treated with the imaging software Nis-Elements.

2.6. Statistical analysis

Mean and standard deviation values were calculated for each treatment from two independent
replicate cultures. To determine significant differences among test concentrations, data were
statistically analysed by an overall one-way analysis of variance (ANOVA) using the SPSS 14.0
software. When significant differences (P < 0.05) were observed, Duncan's multiple-range test
was used to isolate the treatment or treatments that differed from the control.

Paraquat concentrations which decreased by 50% (ECs) the number of viable cells,
metabolically active cells and cells with intact DNA were calculated using the Probit analysis,
since these parameters are not continuous variables. This statistical method was carried out

using the SPSS software. The ECs, for growth were obtained by graphic interpolation from



concentration-response curves. Growth rate data analysis was carried out using the Regression
Wizard (SigmaPlot 9.0) software.

3. Results

3.1. Growth

Growth of microalgal cultures exposed to paraquat concentrations of 0.1 uM or higher was
affected after only 24 h of herbicide exposure. These cultures exhibited a growth rate (v) at 24 h
significantly (P < 0.05) lower than control ones, and this growth rate was reduced as paraquat
concentration increased ( Table 1, Fig. 1). This growth pattern is maintained after 48 h of
herbicide exposure; after 48 h of exposure to a paraquat concentration of 0.2 uM, C.
moewusii growth was almost completely arrested, showing a growth rate of 0.18 day-' ( Table

1), near 25% of control cultures growth rate ( Fig. 1).
Table 1.
Effect of paraquat on growth rate, cell viability and metabolic activity of C. moewusii

Paraquat Growth rate () (day %) Non-viable cells (%) Metabolically non-active
concentratio cells (%)
n (UM)
24 h 48 h 24 h 48 h 24 h 48 h
0 0.64+0.02 0.70+0.01 350+0.07 534+0.24 1.88+0.10 0.78+0.13
0.05 0.60+0.03 0.70+0.00 3.05+0.03 589+241 3.64£0.74 1.71+0.14
0.1 0.46+0.01 050+0.00 7.80+0.64 6.12+0.13 440+0.17* 1331+224
0.2 0.31+0.02 0.18+0.01 9.82+0.28 2592+1.14 19.28+0.65 87.28+1.58
* * * * * *

Herbicide was added to the culture medium at the concentrations indicated. Values shown correspond
to determinations performed 24 and 48 h after herbicide addition. Significant differences with respect to
control at a level of significance of 0.05 (# < 0.05) are represented by an asterisk ([1). Data are given

as mean values + standard error of the means.
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Fig. 1.

Percentage of variation of different toxicity endpoints assayed with respect to their respective control
condition, considered as 100%, in function of the paraquat concentration in microalgal culture.
Significant differences with respect to control at a level of significance of 0.05 (P<0.05) are

represented by an asterisk ([J). Data are given as mean values + standard error of the means.
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ECs values after 24 and 48 h were 0.17 and 0.11 uM paraquat, respectively (Table 2).
Table 2.
Calculated ECs, values (uM) for paraquat on the parameters indicated at each point in time (n.a. means

non-analyzed)

Time (h) Growth rate Cell viability Metabolically active cells  Cells with intact DNA

24 0.17 0.49 0.3 0.15
48 0.11 0.26 0.15 n.a.
3.2. Cell viability

Cell viability analysed by flow cytometry using propidium iodide was affected after 24 h of
exposure to herbicide concentrations of 0.1 uM or higher, so that microalgal cultures exposed to
these paraquat concentrations showed, at that moment, a percentage of non-viable cells
significantly higher (~ < 0.05) in comparison with control cultures ( Table 1, Fig. 1). After 48 h of
herbicide exposure, a severe decrease in the cell viability was detected in cultures exposed to
0.2 yM of paraquat where about 26% of cells were non-viable, while lower paraquat
concentrations did not induce significant differences (2> 0.05) in cell viability compared to

control cultures ( Table 1).

3.3. Cell metabolic activity

Percentage of metabolically non-active cells, determined by flow cytometry using fluorescein
diacetate (FDA) increased significantly (P <0.05) in cultures exposed 24 h to paraquat
concentrations of 0.1 yM or higher respect to control cultures ( Fig. 1 and Fig. 2A, Table 1). This
percentage rose as the paraquat concentration increased, so that cultures exposed to 0.2 pM of
paraquat showed a percentage of metabolically non-active cells significantly (2 < 0.05) higher
than that in cultures exposed to following lower paraquat concentration assayed (0.1 pM). After
48 h of herbicide exposure, metabolically active population was also significantly (2 < 0.05)
reduced in cultures exposed to paraquat concentrations of 0.1 uM or higher respect to control
ones ( Fig. 1 and Fig. 2B); percentage of metabolically non-active cells in cultures with 0.2 uM
increased drastically to 87% ( Fig. 2B, Table 1).
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Flow cytometric histograms showing shifts in esterase activity (FL1 fluorescence) of C.
moewusii exposed to paraquat. Herbicide was added to the culture medium at the concentrations
indicated. Xand Yhistogram axes represent green fluorescence (a. u.) and number of cells,
respectively. Values shown correspond to determinations 24 (A) and 48 (B) h after the addition of

herbicide.
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Regarding the activity level of metabolically active population, the pattern is the same after 24
and after 48 h of paraquat exposure. Active population in cultures exposed to paraquat showed
a higher activity level in comparison with control cultures, reaching a maximum in cultures with
an herbicide concentration of 0.1 uM (Fig. 2, Table 3). In spite of this, there are differences
because at 24 h only the cultures exposed to 0.1 uyM of paraquat showed a significantly
(P<0.05) higher metabolic activity compared to control cultures. However, after 48 h of
herbicide exposure, all cultures exposed to the herbicide showed a significantly (P < 0.05)
higher activity level in comparison with control cultures. In this way, metabolic activity exhibited
by active population in cultures exposed to the lowest paraquat concentration assayed
(0.05 uM) is twice the exhibited by control cultures; activity level of cultures exposed to 0.1 uM is
four times that presented by the controls, while the level of metabolic activity displayed by
cultures exposed to the highest concentration assayed (0.2 uM) is three times higher compared

to that displayed by control cultures ( Table 3).
Table 3.

Effect of paraquat on fluorescein fluorescence intensity of C. moewusii

Paraquat concentration (uM)  Fluorescein fluorescence

24 h 48 h
0.05 110.20 £4.72 238.69 + 39.33*
0.1 273.42 +25.40% 400.22 + 29.74*
0.2 168.10 £17.20  301.62 + 43.00*

Data are expressed as percentage of variation in comparison with control cells. Herbicide was added to
the culture medium at the concentrations indicated. Values shown correspond to determinations
performed 24 and 48 h after the addition of herbicide. Significant differences with respect to control at a
level of significance of 0.05 (P < 0.05) are represented by an asterisk (*). Data are given as mean

values * standard error of the means.

3.4. Comet assay

Under the applied experimental conditions, cell nuclei from untreated Chlamydomonas cells
appeared as diffusely spread DNA fragments in the former nucleus area. Thus, unaffected
control cells form comets with a head region and with a small or without a clearly fragmented tail
( Fig. 3A). Genotoxically damaged Chlamydomonas cells resulted in comets consisting of a head
region and a tail of DNA fragments ( Fig. 3B). With increasing DNA damage, fragmentation
became more apparent and the morphology of the head region was not so clear ( Fig. 3C),
decreasing the fluorescence intensity of head DNA. This effect could result in the complete
disintegration of the head region, while the tail area appeared as a “cloud” of DNA fragments,
culminating finally in the formation of comets without any visible area, consisting of long,
extended and scattered DNA fragments. These comet shapes were difficult to recognize with
the naked eye because the weak fluorescence intensity did not allow for sufficient contrast to
the slide background, and they are often known as “ghost comets”. The small DNA content of

the algal cells probably causes this effect. In preliminary experiments we observed that, after



48 h of exposure to assayed paraquat concentrations, slides corresponding to high
concentrations showed few comets and barely perceptible ghosts, probably due to the strong
DNA damage in cells exposed to the herbicide. Therefore, we decided to analyse paraquat
genotoxicity on C. moewusiionly after 24 h of exposure to these paraquat concentrations.

Fig. 3.

Nuclei after electrophoresis of lysed C. moewusiicells from control

cultures (A) (normal nucleus) and cultures treated with paraquat (B, C)

(comets).

Results obtained in this assay showed that paraquat induces DNA damage in cells of C.
moewusii, after only 24 h exposed to paraquat concentrations of 0.05 uM or higher ( Fig. 1,
Table 4). The percentage of nuclei exhibiting comet tail was increased as paraquat
concentration increased ( Fig. 1), so that all cultures exposed to paraquat showed a percentage
of comets significantly (P < 0.05) higher in comparison with control ones; in cultures exposed to
the highest concentration assayed (0.2 uM) this percentage reached 71% ( Table 4), although
cultures exposed to the lowest concentration assayed (0.05 yM) showed a significant (P < 0.05)

percentage of comets (23.67%).
Table 4.

DNA damage expressed as percentage of nuclei with comet of C. moewusii

Paraquat concentration (uUM)  Nuclei with comet (%)

0 17.13+1.20

0.05 23.67 £ 1.42*
0.1 59.99 + 2.36*
0.2 71.04 + 3.47*

Herbicide was added to the culture medium at the concentrations indicated. Values shown correspond
to determinations 24 h after the addition of herbicide. Significant differences with respect to control at a
level of significance of 0.05 (P < 0.05) are represented by an asterisk ([1). Data are given as mean

values = standard error of the means.
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4. Discussion

There are different reports using microalgal growth in order to measure the toxicity of pesticides.
Toxic action is measured depending on the growth rate change in cultures exposed to the
pesticide in comparison with control cultures without pesticide (Schrader et al., 1997, Wong,
2000 and Oliveira et al., 2007). Algae show varied responses to pesticides from complete
inhibition to initial suppression followed by gradual recovery and satisfactory growth (Mohapatra
and Mohanty, 1992, Geoffroy et al., 2003, Tukaj and Pokora, 2006 and Rajendran et al., 2007).
In the present work, microalgal growth was significantly affected by paraquat in a dose-
dependent manner. Cultures exposed to the highest paraquat concentration assayed (0.2 uM)
showed a growth rate at 24 h that was higher than that at 48 h. This growth inhibition effect has
already been observed in Chlorella vulgariscultures exposed to high concentrations of the
herbicides isoproturon and terbutryn( Rioboo et al., 2002) and in C. vulgaris and Anabaena
doliolum cultures exposed to the herbicides dimethoate and endosulfan (Mohapatra and
Mohanty, 1992).

Results of cell viability analysed by flow cytometry, both with Pl and FDA assay, showed a
significant reduction of viable microalgal population in cultures exposed to paraquat
concentrations of 0.1 uM or higher, after only 24 h of herbicide exposure. The FDA assay led to
results where this viability reduction compared to control cultures is more significant than in
results obtained after IP assay, especially in cultures exposed to the highest paraquat
concentration assayed. This can be explained, since both assay procedures can distinguish
between cells with an intact plasmatic membrane (viable cells) and cells with a damaged
membrane (non-viable), but the FDA assay may include as non-viable cells those cells with an
intact membrane but without esterase activity. Due to the biochemical mechanism of paraquat
toxicity, oxygen free radicals are generated, and hydroxyl radicals have been implicated in the
initiation of membrane damaging by lipid peroxidation (Yu, 1994). This agrees with the results
showing that there is a significant higher percentage of cells which have lost its membrane
integrity in cultures exposed to high paraquat concentrations in comparison with control cultures
without herbicide.

Flow cytometry combined with staining with fluorescent dyes such as Pl or FDA is a technique
increasingly being used to probe microalgal cell membrane integrity for the assessment of the
environmental impact of toxic contaminants in aquatic systems. Toxic agents such as copper or
pesticides have been reported as damaging to the membrane integrity of microalgal cells
indicating a reduction in the percentage of viable cells exposed to that agent (Cid et al., 1997,
Franqueira et al., 1999, Lage et al., 2001 and Nancharaiah et al., 2007).

Enzyme inhibition measurements in microalgae are becoming increasingly popular indicators of
environmental stress because they offer a rapid and sensitive endpoint. Esterase activity, in
particular, has been proven useful in a variety of cell types (Berglund and Eversman, 1988,
Kaprelyants and Kell, 1992,Humphreys et al., 1994 and Breeuwer et al., 1995) and has been

shown to relate well to general metabolic activity (Dorsey et al., 1989, Regel et al., 2002 and
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Regel et al., 2004). In this way, FDA assay has been reported as being not only helpful to
discriminate between “healthy” and “stressed” cells, but also to quantify subtle responses to
environmental impacts. Furthermore, the advantage of cytometric measurements over
fluorescence microscopy or bulk estimates by fluorometry lies in the assessment of minor
changes in metabolic activity by the detection of changes in the fluorescence intensity exhibited
on a single-cell basis (Jochem, 1999).

In the present study, both after 24 and 48 h viable microalgal population in cultures exposed to
paraquat show a mean fluorescein fluorescence that is higher than in the control cultures,
indicating a stimulation of the esterase enzyme activity, especially in cultures exposed to 0.1 uM
of paraquat after 48 h. Esterases are essential to the phospholipid turnover in membranes. Due
to membrane destruction induced by the oxidative damage caused by paraquat, it may be that
intracellular esterases are stimulated in order to repair membranes, in cells still intact. This
enzyme activity stimulation may also be a result of a general metabolic stimulation induced by
the toxic agent in microalgal cells in order to adapt their physiology to adverse environmental
conditions; esterase activity enhancement is lower in cultures exposed to the highest paraquat
concentration assayed, which can be due to high levels of stress. Growth stimulation effects
have been recorded in algal bioassays with different herbicides at low concentrations
(Franqueira et al., 1999 and Rioboo et al., 2002). It has been reported that esterase activity
in Selenastrum capricornutum and Entomoneis cf. punctulata decreased in a concentration-
dependent manner as copper concentration increased ( Franklin et al., 2001a), but stimulation
of this enzyme activity has also been reported in microalgae exposed to certain copper
concentrations ( Franklin et al.,, 2001a, Lage et al.,, 2001 and Yu et al., 2007), to nutrient-
enriched waters associated to sewage effluents ( Regel et al., 2002) and to the biocide chlorine
( Nancharaiah et al., 2007). It was proposed that this increase in FDA fluorescence could be
either due to a simple increase in the uptake of FDA as consequence of cell membrane
hyperpolarization or changes in cell membrane permeability ( Franklin et al., 2001b and
Nancharaiah et al., 2007), or due to increased esterase activity as consequence of an effect of
copper on intracellular ionic regulation leading to increased intracellular pH ( Lage et al., 2001).
Although the comet assay methodology is straightforward and does not require sophisticated
equipment, the analysis of comet images is not so simple. In this work a visual analysis was
used, classifying nuclei on the basis of their morphology in two groups: comets and normal
nuclei. DNA damage is evaluated as an increase in the percentage of cells with comets
(Devaux et al., 1997, Avishai et al., 2002 and Desai et al., 2006). Visual analysis is reliable and
fast but, to a certain extent, the results rely on subjective decisions made by the investigator.
Results obtained showed that exposure of microalgal cells to paraquat for 24 h increased comet
percentage, and thus primary DNA damage, in a dose-related manner at the concentration
range assayed. In spite of this, damaged cells were also found in control samples, and in
heavily treated samples undamaged cells could be found to a certain extent. The finding of
damaged cells in control samples may be due to artificial DNA damage, which can be caused

by inhomogeneities in the electric field or the formation of radicals during electrophoresis (Singh
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et al., 1994). Further possible explanations for the heterogeneity of DNA damage in control and
treated samples are variabilities in the age of cells or cell cycle status (Erbes et al., 1997 and
Lah et al., 2004), since physiologically different cells were present in control and in treatment
cultures which was shown by the heterogeneity observed in the response of the population
analysed by flow cytometry. However, there is a study with other microalga, Closterium
ehrenbergii, exposed to the disinfectant triclosan, on which comets in untreated cells were
observed only occasionally ( Ciniglia et al., 2005).

Results obtained from different studies suggest the capability of pesticides in significantly
increasing DNA fragmentation (Ribas et al., 1995, Clements et al., 1997, Sasaki et al., 19973,
Sasaki et al.,, 1997b, Garaj-Vrhovac and Zeljezic, 2000 and Vindas et al., 2004). Paraquat
genotoxicity may be related to the mode of action exhibited by this herbicide. Paraquat acts on
photosynthesis, as a competitive inhibitor of photosynthetic electron transport at photosystem |
level (Summers, 1980 and Devine et al., 1993). In this way, paraquat molecule experiments a
single electron reduction and an oxidation reaction with molecular oxygen, leading to the
generation of free oxygen radicals that could affect cellular DNA (Kaloyanova and El Batawi,
1991). Reactive oxygen species (ROS) have been shown to be active genotoxic agents (Gaivao
et al., 1999), since a great number of studies show that ROS are major sources of DNA damage
by causing strand breaks, removal of nucleotides and a variety of modifications of the bases of
the nucleotides (Cooke et al., 2003). Furthermore, paraquat is very effective in generating free
radicals and cell antioxidant mechanisms, as free radical scavengers, are rapidly overwhelmed.
This may explain why microalgal cultures exposed to the lowest paraquat concentration
assayed showed a percentage of comets significantly higher in comparison with cultures without
herbicide, only after 24 h of exposure. Other pesticides, including some herbicides, have been
reported as damaging DNA through the generation of ROS (Bagchi et al., 1995,Melchiorri et al.,
1998, Cicchetti and Argentin, 2003, Bajpayee et al., 2006, Liu et al., 2007 and Gonzalez et al.,
2007), or through the interaction of pesticide or its metabolites with DNA (Fairbairn et al., 1995
and Sharma et al., 2007).

Comets of microalgal cells are essentially composed of nuclear DNA and, possibly, of
chloroplast DNA to a minor extent, but comet images are not probably influenced by
mitochondrial DNA (Erbes et al., 1997). DNA damage in microalgae evaluated by the comet
assay has been observed previously in the marine diatom Chaeftoceros tenuissimus exposed to
cadmium, in a dose-related manner too ( Desai et al., 2006), and this genotoxicity could be also
related to oxidative stress ( Schiitzendibel and Polle, 2002, Horvat et al., 2007 and Lin et al.,
2007). The dose-dependent effect observed in paraquat-treated C. moewusiicells using the
comet assay, was also found on Euglena gracilis with several mutagenic compounds causing
DNA damage ( Aoyama et al., 2003).

5. Conclusions

13



Algal growth measurements are the most frequently used methods of herbicide toxicity
assessment. In the present work with C. moewusii, sensitivity of growth, cell viability and
metabolic activity to the herbicide paraquat were similar, but the use of flow cytometry in
combination with biochemically specific fluorescent dyes can also provide information about the
physiological status of cells and the mechanisms of action of toxicants. Based on the
ECs values calculated for the different assayed parameters ( Table 2), DNA damage was the
most sensitive toxicity test endpoint, revealing that comet assay provides a sensitive and rapid
system for measuring primary DNA damage in C. moewusii, which could be an important aspect

of environmental genotoxicity monitoring in surface waters.
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