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Abstract
The continuous contamination of the aquatic environments by numerous agricultural and industrial pollutants has triggered the need
to identifying new models and bioassays for assessing water pollution and understanding toxic effects of these xenobiotics at different
levels. In the present study, investigation was done on physiological changes and antioxidant responses of the freshwater ciliate
Paramecium tetraurelia exposed to a selective herbicide; Focus Ultra (a.i., cycloxydim: 100 g LG1). Our results revealed an inhibitory effect
on the cell proliferation rate. The growth inhibitory concentration (IC50) was found to be 7.53 mg LG1. Thus, the number and the velocity
of  generation  were  decreased  when  the  generation  time was  extended  significantly  at  the  higher  concentration  of  Focus Ultra
(12 mg LG1). The normal functioning of the contractile vacuole was also significantly affected at this concentration. Focus Ultra caused
evenly a dose dependent stimulation of the phagocytic activity. Furthermore, monitoring biomarkers of oxidative stress showed a
significant depletion in glutathione level (GSH) accompanied with a strong increase of glutathione S-transferase (GST) and catalase (CAT)
activities reflecting the toxic effects of this herbicide on Paramecium tetraurelia  cells.
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INTRODUCTION

The environmental pollution by dispersed chemical
herbicides has become a serious problem especially in aquatic
ecosystems due to their extensive use in agriculture and
industry (Uri, 1999; Relyea, 2005). Although most herbicides
are mainly applied to terrestrial environments, they can be
found in diverse aquatic ecosystems albeit at highly variable
concentrations (Carter, 2000; Relyea, 2005).

Graminicides belonging to the cyclohexanedione class,
are post emergence herbicides widely used, to control annual
and perennial grasses in a large variety of broad-leaved crop
plants. They inhibit the enzyme, acetyl coenzyme A
carboxylase (ACCase) and disrupt fatty acid biosynthesis in
susceptible grasses (Burton et al., 1991; Devine and
Shimabukuro, 1994). Cyclohexanedione  herbicides are known
to be  biologically  active at very low concentrations. Their
polar  character  makes  them  easily  leach to groundwater
and potentially contaminant at levels above 0.1 :g LG1

(Sandin-Espana et al., 2003).
Cycloxydim is one of most popular cyclohexanediones.

This active substance and its metabolites exhibits a high to
very high mobility in soil and can potentially contaminate
groundwater at levels reaching the 10  ng LG1 (Silva et al.,
2006; EFSA., 2010). There are a number of studies carried out
by EFSA (2010) on the toxicity of cycloxydim on non-target
aquatic organisms. The acute toxicity data indicated that
technical  cycloxydim  is  harmful  to  aquatic  organisms
(EFSA., 2010).

The environmental disturbance of aquatic ecosystems has
generated the need to develop methods for assessing the
potential ecological effects of toxic chemicals on individual
organisms, populations and communities. Recently, the use of
biochemical processes as sensitive indicators of toxic stress
had been paid much attention. Indeed, the continuous
exposure of non-target organisms to pesticides may cause a
metabolic imbalance, thus disrupting biochemical processes
and leading to oxidative stress (Gowland et al., 2002; Jin et al.,
2010). To minimize oxidative damage and harmful effects of
Reactive Oxygen Species (ROS) to cellular components
organisms are equipped with numerous defense mechanisms,
(Di Giulio et al., 1995; Halliwell and Gutteridge, 2007), which
can adapt to increasing ROS production by up-regulating
antioxidant defenses, including the activities of enzymatic and
non-enzymatic antioxidants (Livingstone, 2003).

The application of protists in laboratory researches as
valuable bioassays offer the possibility for predicting toxic
effects of   chemical   compounds   (Garad   et  al.,  2007;
Fawole  et   al.,    2008).    Among    protists,    ciliated   protozoa

represent a  basic  component  of  aquatic environments
(Jiang et al., 2013). Their microscopic size, ubiquitous
distribution, high reproductive rate, relative ease of culturing
and accessibility of experimental manipulation make of them
excellent unicellular models for toxicological investigations
(Morange, 2006; Weisse, 2006).

Paramecium is a ubiquitous freshwater ciliated protozoan
that has been extensively investigated and increasingly being
used as bioindicators in laboratory researchers to evaluating
the environmental pollution and toxic effects of industrial,
agricultural   and   domestic  chemicals  (Madoni, 2000;
Miyoshi et al., 2003; Takahashi et al., 2005; Sbartai et al., 2009;
Amanchi, 2010; Benbouzid et al., 2012). In this context, the
main purpose of the present study is to evaluate physiological
responses of the ciliated protozoan Paramecium tetraurelia
exposed to a selective herbicide (cycloxydim). Inhibitory
effects on growth and cell division were investigated by
determining the IC50. In addition, alterations caused by
cycloxydim on phagocytic activity and contractile vacuole
functioning of Paramecium cells were assessed. On the other
hand, oxidative stress was monitored by measuring the
antioxidant response using enzymatic (GST and CAT) and
nonenzymatic (GSH) antioxidants.

MATERIALS AND METHODS

Chemicals: An emulsifiable concentrate of 100 g LG1 of
cycloxydim (10.9%) (Fig. 1), was used in the present
experiments as a test chemical, which is readily soluble in
water. It is a selective herbicide used for outdoor foliar
spraying against perennial grasses and commercialized under
the name of Focus Ultra.

Paramecium culture and maintenance: Paramecium
tetraurelia cells were cultured in a synthetic culture medium
(pH 6.5) as described previously by Azzouz et al. (2011). The
culture was maintained in a constant temperature of 30EC into
the oven (memmert 400) and the cells were transplanted each
three days in a new medium for keeping the youthful state of
the culture.

Fig. 1: Structural formula of the active ingredient (cycloxydim:
2-[1-(ethoxyimino)butyl]-3-hydroxy-5-(tetrahydro-2H-
thiopyran-3-yl)-2-cyclohexen-1-one)
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Treatment with the herbicide: Based on several preliminary
assays carried out on different ranges of Focus Ultra, the
appropriate stock solution and the test concentrations were
selected. Indeed, four nominal test concentrations were
chosen: 3, 6, 9 and 12 mg LG1. The herbicide was tested in
aliquots of 10 mL of culture medium and the treatment was
done at the beginning (t = 0) before the transplantation of
Paramecium cells. All experiments were performed with
Paramecium cells in logarithmic growth phase. Thus, twenty
active paramecia were exposed to selected concentrations
with five replicates each.

Growth monitoring: The growth kinetics study was
established by the daily cell counting during five days (120 h),
after fixation with a Lugol solution at 1%, under optic
microscope (LEICA DM 1000) using a striated slide. The count
was  repeated  at  least  five  times  for  each  repetition
(Azzouz et al., 2011).

Calculating the median inhibitory concentration, IC50:  The
potential toxicity of Focus Ultra (cycloxydim) was quantified by
determining the median inhibitory concentration (IC50), which
is the concentration required to induce 50% decrease in cell
growth compared with the control cells for 96 h of treatment.
Determination of the IC50 values was carried out by the kinetic
growth method using the linear regression analysis.

Determination of the number, the time and the velocity of
generation:  The number of generations, the time required for
each generation and the velocity of the generation were
calculated by the following formulae:

t 0log N log N
Number of generations

log 2




Number of generations
Generation velocity

Time of growth


1
Generation time

Generation velocity


where, Nt is the population in time t, N0 is the initial number of
cells.

Determination of the phagocytic activity: Phagocytic activity
was estimated by a  staining  technique  suggested by
Rouabhi et al. (2006). It consists to mix a drop of 1% of neutral
red with a drop of culture sample (control or treated cells).
After 3  min,  cells  were  placed  between  a  glass  slide and a

coverslip and the total number of labelled food vacuoles per
cell was counted under optic microscope  type  LEICA DM
1000 (×20 objective).

Measurement of expulsion frequency of the contractile
vacuole:  To restrict the movement of Paramecium, cells were
slightly compressed between a glass slide and a coverslip as
proposed by  Naitoh  et  al.  (1997).  Expulsion frequencies
were video-recorded (Leica EC 3) under optic microscope
(×40 objective). The rate of pulsation per minute of the
anterior contractile vacuole (from the beginning of one
contraction to the beginning of the next one) was determined
for the control and treated groups. Five readings were taken
for each cell.

Biochemical assays: For biomarkers analysis, treatment was
done in the fourth day of culture (the end of exponential
phase) to avoid any influence on growth. The beginning of the
assay for each biomarker takes place three hours after
treatment with the herbicide. A preconcentration of
Paramecium cells at 3000 rpm minG1 is necessary. Then, the
pellet is recovered for use in the assay of glutathione (GSH),
glutahtion-S-transferase (GST) and catalase (CAT). All assays
were performed in triplicate (Azzouz, 2012).

Determination of glutathione rate (GSH): The rate of GSH
was quantified according to the method of Weckberker and
Cory (1988). Cells were homogenized in 1 mL of EDTA (0.02 M)
and 0.2 mL of sulfosalicylic acid (ASS) was added to 0.8 mL of
homogenate. After agitation, the homogenate was
centrifuged at 1000 rpm for 5 min. The reaction was initiated
by adding to 0.5 mL of supernatant, 1 mL of tris/EDTA buffer
(0.02 M, pH 9.6) and 0.025 mL of 5,5’-dithiobis-2-nitrobenzoic
acid (DTNB). The absorbance was measured at 412 nm and the
amount of GSH was expressed as :mol mgG1 of proteins.

Measurement of glutahtion-S-transferase activity (GST):
Determination  of  GST  activity  was  performed  by  the
method of Habig et al. (1974) by following the conjugation of
GSH   with  CDNB.  After  homogenization  of  the  sample  in
1 mL of phosphate buffer (0.1M, pH 6), homogenate was
centrifuged at 14000 rpm for 30 min. 1.2 mL of the mixture
CDNB (1 mM)/GSH (1mM) was added to 0.2 mL of supernatant
to start the reaction. The formation of S-2,4-dinitrophenyl
glutathione conjugate was evaluated by recording the
increase in absorbance at 340 nm for 5 min after every 1 min
interval. It was expressed as µmol/min/mg protein.

Measurement of catalase activity (CAT): The CAT activity was
measured  following  the  method  of  Claiborne  (1985) whose
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the principle is based on the change in optical density due to
the dismutation of hydrogen peroxide (H2O2). Samples were
homogenized in 1mL of phosphate buffer (100 mM, pH 7.5)
then centrifuged at 15000 g for 10 min. The 0.75 mL of
phosphate buffer and 0.2 mL of H2O2 were added to 0.050 mL
of the supernatant. Decrease in absorbance caused by H2O2

consumption was monitored at 240 nm for 30 sec with an
interval of 15 sec. The results of this enzymatic assay were
expressed as µmol/min/mg protein.

Statistical analysis: Experiments were carried out at least in
triplicate and all values were expressed as the
Mean±Standard Deviation (SD). To evaluate the relationship
between the concentrations of Focus Ultra and the effects on
the growth we used the regression analysis. Data were
analyzed by one-way analysis of variance (ANOVA). To look for
differences by pairs between treated samples and the control,
we applied the Student’s t-test and a value of p#0.05 was
considered statically significant. Statistical analyses were
performed using the Minitab software (14.0) (Dagnelie, 1999).

RESULTS

Effects of Focus Ultra on the growth rate of Paramecium
tetraurelia:  Focus Ultra showed a significant inhibitory effect
on the population density of P. tetraurelia in a concentration
dependent manner and the growth rate was reduced
significantly with the increasing of Focus Ultra concentrations
(Fig. 2).

In the first 24 h of exposure, no significant changes were
observed in the growth rate of paramecia treated by the
lowest concentrations (3 and 6 mg LG1) of the herbicide when
compared to the control (p>0.05). However, a highly
significant depletion in cell number was noticed, since the
third day of exposure (72 h), with the highest concentrations
(9 and 12 mg LG1) of Focus Ultra (p#0.001). Thus, it caused
about 50 and 70% of the growth decrease, respectively.

Calculating the IC50: According to the growth curve, the IC50,
causing a 50% decrease in growth rate, was calculated from
the linear equation “Y = 7.963x ‒ 10” to be 7.53 mg LG1 (Fig. 3).

Effects on the number, the time and the velocity of
generation: Figure 4 illustrates the effect of Focus Ultra on the
number, the time and the velocity of generation. The results
showed that Focus Ultra has gradually affected the
multiplication of P. tetraurelia and led to a slower growth and
a delayed cell division.

Fig. 2: Growth kinetics of P. tetraurelia exposed to different
concentrations of Focus Ultra

Fig. 3: Determination of the IC50 by the kinetic growth method

Table 1: Phagocytic activity of P. tetraurelia after treatment with Focus Ultra
Concentrations of Focus Ultra (mg LG1) Number of food vacuoles per cell
Control 9.80±1.92*
3 15.0±1.41*
6 16.4±2.07*
9 20.4±2.07*
12 28.2±2.86*
Values are represented as Mean±SD (n = 5). Significant differences from the
control are indicated as: *p#0.05

Exposure to increasing concentrations of Focus Ultra
caused an increase of the generation time in a dose
dependent manner (Fig. 4b). The generation time of the
control P. tetraurelia cells was calculated to be 12.6 h;
however, it increased at the higher concentration (12 mg LG1)
to reach approximately 16 h. Consequently, the number and
the velocity of generation were inversely proportional to the
concentrations of Focus Ultra and they knew a progressive
decrease along with increasing concentrations (Fig. 4a and c).

Phagocytic activity: Results concerning the effect of Focus
Ultra on phagocytic activity in P. tetraurelia are illustrated in
Table 1. A dose-dependent stimulatory effect of the number
of food vacuoles in cells treated with increased concentrations
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Fig. 4(a-c): Effects of Focus Ultra on (a) The number of
generation (b) Generation time and (c) Velocity of
generation of P. tetraurelia

Table 2: Contractile vacuole activity in P. tetraurelia exposed to increased
concentrations of Focus Ultra

Concentrations of Average time of
Focus Ultra (mg LG1) No. of pulses minG1 one pulsation (sec)
Control 12.3±1.56 4.88±0.70
3 11.8±1.64 5.08±0.85
6 10.2±2.77 5.88±1.20
9 9.4±2.88 6.38±1.22
12 7.6±1.93* 7.90±0.86
Values are represented as Mean±SD (n = 5). Significant differences from the
control are indicated as: *p#0.05

of Focus Ultra compared to the control was observed (Fig. 5).
Indeed, the average number of food vacuoles was significantly
elevated from 9.8 in control cells  to  15  and  16.4 in paramecia
exposed  to  3  and  6  mg  LG1   (p   =   0.002   and   p   =  0.001),

respectively. The maximal stimulation was occurred in cells
treated with the highest concentrations (9 and 12 mg LG1) of
Focus Ultra, noted values were equal to 20.4 and 28.2 food
vacuoles/cells (p = 0.000).

Contractile vacuole activity: As shown in Table 2, a dose
dependent decrease in expulsion frequency of the contractile
vacuole was found in Paramecium cells exposed to Focus
Ultra. In concentration 3, 6 and 9 mg LG1, the vacuolar activity
was insignificantly diminished when compared to the control.
The maximum inhibitory effect on contractile vacuole activity
was recorded at the highest concentration of 12 mg LG1. In
fact, a significant vacuolar retardation estimated by 7.6 pulses
minG1 (p = 0.006) and an average time  of  7.9 sec for one
pulsation, as  compared  with  control  values  of  12.3  pulses 
minG1  and 4.88 sec for one pulsation was noted.

Antioxidant responses: The results of antioxidant enzyme
activities  (CAT  and GST) and the GSH level are presented in
Fig. 6.

A significant increase in CAT activity compared with the
control was observed following exposure to all concentrations
of Focus Ultra (p = 0.000), except for the lowest concentration
of  3  mg  LG1  (p  =  0.775)  (Fig.  6a).  Thus,  it  was  from
11.93±1.63 µM/min/mg protein and 17.22±3 µmol/min/mg
protein for the concentrations (6 and 9 mg LG1), respectively
and reached a rate of 24.23±1.17 µmol/min/mg protein for
the highest concentration of 12 mg LG1. While, in control cells
catalase activity was only from 4.75±0.41 µmol/min/mg
protein.

On the other hand, exposure of P. tetraurelia to this
herbicide resulted in a strong induction of the GST activity
(Fig. 6b). The greatest enzymatic activity appeared with
concentrations  (9 and 12 mg LG1), which had highly significant
increase  when   compared   to   the   control  (p  = 0.004 and
p = 0.008). However, the effects of Focus Ultra were less
intense in concentrations 3 and 6 mg LG1, where there were no
significant differences in GST activity (p = 0.434 and p = 0.129).

The results regarding the variation of the GSH level are
shown in Fig. 6c. It was found that Focus Ultra causes a dose
dependent decrease in the GSH rate. Compared to the control
(18.05±2.52), GSH level was significantly reduced to be
10.47±0.85   µmol   mgG1   protein   (p  =  0.039)  in  paramecia
treated with the concentration of 6 mg LG1. For cells treated
with 9 and 12 mg LG1 this rate was determinate to be
7.99±1.54 and 4.47±1.18 µmol mgG1 protein (p = 0.010 and
p = 0.014), respectively.
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Fig. 5(a-e): Microscopic images  of  (a)  P.  tetraurelia  control,  (b)  Exposed  cells  to  3  mg  LG1,  (c)  6  mg  LG1,  (d)  9  mg  LG1  and
(e) 12 mg LG1 of Focus Ultra, strained with neutral red at 1%

DISCUSSION

Due to their high degree of selectivity and efficiency
against both annual and perennial grass weeds,
cyclohexanediones are important herbicides in crop
production (Kukorelli et al., 2013). However, their intensive use
may cause many toxicological and environmental problems
and has led to the emergence of herbicide resistant weeds
(Toyama et al., 2003; Hochberg et al., 2009; Collavo et al.,
2011). This could result in significant economic losses and the
necessity of using higher herbicide rates with deleterious
consequences to both the environment and human health
(Park et al., 2010).

Cycloxydim is a frequently used active ingredient from
the chemical group of cyclohexanediones, which have been
qualified as high-risk herbicide (Mohassel et al., 2010). Several
studies have been carried out on the efficiency of cycloxydim

on a wide variety of troublesome weeds and their resistance
to this herbicide (Delye et al., 2002; Mohassel et al., 2010; Cruz-
Hipolito et al., 2012). Although, microorganisms are
convenient for culture and highly sensitive to many chemical
substances (Weisse, 2006), the toxicological effects of
cycloxydim on microorganisms, especially ciliates have not
been well documented. Majority of studies have been
conducted on plants. From this vision, the aim of  the present
study is to evaluate the toxicity of cylcoxydim on a ciliate
protozoan: Paramecium tetraurelia, by monitoring some
physiological and antioxidant responses of cells exposed to
the commercial formulation of Focus Ultra.

Concerning physiological responses, our results
demonstrated that the toxicity of Focus Ultra was expressed
by an inhibition of the cell growth with an IC50  value of about
7.53 mg LG1. Further, it induced an inhibition effect on cellular
division.  This   inhibition   provokes   an  important increase in
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Fig. 6(a-c): Variation of oxidative stress biomarkers depending
on different concentrations of Focus Ultra (a) CAT
activity, (b) GST activity and (c) GSH rate.
Significant differences from the control are
indicated as: *p#0.05

generation time with a decrease of the number and the
velocity of generation. This can be explained by the fact that
increasing concentrations of toxicants in the cell may affect
survival and cellular division of protists thereby causing cell
death (Madoni, 2000; Mountassif et al., 2007). Ma et al. (2006)
also studied the acute toxicity of 40 herbicides with nine
modes of action on the freshwater unicellular green algae
Raphidocelis subcapitata and pointed out that acetyl CoA
carboxylase inhibitors (clethodim, diclofop-P, fenoxaprop,
fluazifop-P, haloxyfop-R and quizalofop-P), which have the
same mode of action of our experimental herbicide
(cycloxydim) occupied the third place in  the  descending

order of the average acute toxicity, with a 96 h EC50 range of
0.2-5.3 mg LG1. Similarly, the results are in accordance with
those of Azzouz et al. (2011) and Rao et al. (2006) that
demonstrated an inhibition in cell growth and proliferation of
paramecia exposed to increased concentrations of amistar xtra
and acephate, respectively. Recently, the same results were
also observed by Shubhamsingh and Tejashree (2014).

A dose dependent stimulatory effect of the rate of
phagocytosis was also ascertained during treatment with
Focus Ultra. Thus, our results showed a significant increase in
the number of food vacuoles along with increasing
concentrations of the herbicide. It have been demonstrated
previously that formation and movement of food vacuoles in
the cell is assured by ciliary motility. In fact, factors affecting
the ciliary action should necessarily influence the rate of food
vacuole formation (Nilsson, 2003). The results are consistent
with those of Nilsson (1981) that noted a stimulation of
phagocytosis in Tetrahymena cells treated with increased
concentrations of copper and attributed this increase to a
possible correlation with increasing cell motility. This is the
case of the present study where an increase in swimming
velocity of Paramecium cells exposed to Focus Ultra was
observed. These finding can be also explained by the fact that
the presence of a high content of organic matter in the culture
medium can increase the tolerance of ciliates to higher
concentrations of Focus Ultra, as it was shown earlier by
Nilsson (1981). Stefanidou et al. (1990) reported evenly a
stimulation in the phagocytic ability of protozoans exposed to
amphetamine and interpreted this result by a probable
increase in the energy level  caused  by  the  drug.  In  addition,
Amanchi and Hussain (2008) suggested that the presence of
pesticides in the external environment of the cell can modify
the pH of the medium and consequently change the food
vacuole formation. A disturbance of the phagocytosis was
similarly discerned by Nilsson (2005) in Tetrahymena
pyriformis treated with cigarette extracts and ethanol,
respectively. On the other hand, the results disagreed with
those of Jaleel (2002), Hussain et al. (2008) and Amanchi and
Hussain (2012). These authors pointed out that the inhibition
of phagocytosis could be due to a damage in cell membrane
or cilia structure.

Osmoregulation  in Paramecium is provided by the
activity of the Contractile Vacuole Complex (CVC) and
depended on both regulatory mechanisms controlling the
cytosolic osmolarity and water permeability of the plasma
membrane (Stock et al., 2001). The contractile vacuole was
one of the first organelles to be visualized within Paramecium
and has stimulated more research than any other protozoan
organelle, beginning with the  earliest  microscopists,  in  order
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to understand the structure and functioning mechanisms of
this complex (Patterson, 1980). It have been previously agreed
that contractile vacuole complex of ciliates is very highly
sensitive to changes in the cell’s environment and the
frequency of expulsion can be modified, particularly, by the
osmotic pressure  of  the external medium (Patterson, 1980).
Effectively, the  addition  of Focus Ultra  to  the  culture
medium has caused a dose dependent decrease in vacuolar
activity of P. tetraurelia. This can be a response to the sudden
change in the external osmolality as it was described already
by Amanchi and Hussain (2008). They suggested evenly that
disruption of the vacuolar apparatus can be a probable raison
to the decrease of contractile vacuole activity. Recently,
Shubhamsingh and Tejashree (2014) reported also that the
insecticide dimethoate has an inhibitory effect on the
contractile vacuole complex of Paramecium sp.

In environmental studies, biomarkers were considered as
early warning signals usually employed in the field of risk
assessment and biomonitoring to identify and predict effects
of toxicants on biological organisms (Van der Oost et al., 2003;
Jemec et al., 2012). Thus, the use of biomarkers of oxidative
stress provides detailed information on the potential toxicity
of pollutants (Barata et al., 2005).

In this study, interest was focused evenly on antioxidant
responses of P. tetraurelia in the presence of Focus Ultra.
Results revealed a strong antioxidant enzyme activity resulting
in an increase of GST and CAT activities, known for their role in
the detoxification of free radicals, parallel to the decrease of
GSH level which is considered as an excellent biomarker of
toxicity. These enzymatic and non-enzymatic antioxidant
reactions provide to the cell a state of equilibrium and
protection against oxidized reactive species (Mofredj et al.,
1999).

As the vital first-line defenses against oxidative stress, CAT
is a key antioxidant enzyme mainly located in peroxisomes
(Yu, 1994) and designed to reducing hydrogen peroxide
resulting  from  the  metabolism  of  long   chain   fatty  acids
(Yi et al., 2007). In the present study, CAT activity was
significantly increased at higher concentrations of Focus Ultra.
This increase might be contributed to the elimination from the
cell of Reactive Oxygen Species (ROS) induced by pesticide
exposure, which converts oxygen free radical (O2G) into H2O2

and then into H2O and O2 (Barata et al., 2005; Jin et al., 2010).
These results are supported by the findings of Bouaricha
(2013) and Sbartai (2013) who recorded an intensification of
CAT activity in Paramecium cells treated with bifenazate and
proclaim. According to Yu et al. (2009), the higher enzyme
activity could efficiently protect against potential increased
production of ROS and may reflect an adaptation in response
to the oxidative conditions to which freshwater organisms are
exposed.

At the cellular level, the antioxidant defense system
consisting  of  both  small  molecule  free  radical  scavengers
and antioxidant enzymes has as function the detoxification
and elimination of ROS. Glutathione S-transferase is just one
of the multicomponent enzymes interfered in the
detoxification of different toxicants and protecting tissues
from  oxidative  damage  (Khurana  et  al.,  2002).  His activity
was notified to be upregulated by induction of the
antioxidant/electrophile responsive element during oxidative
stress (Ahlgren-Beckendorf et al., 1999). In our investigation,
a higher GST activity was observed following exposure to most
of the concentrations of Focus Ultra. This can be understood 
in  view  of  the  fact  that  pesticides  consume GSH through
a GST-catalyzed reaction as a major way of detoxification and
these chemicals are expected to induce the activity of GST as
a potent protection mechanism of the organism (Timur et al.,
2002). Similarly, GST was significantly induced in P. tetraurelia
cells exposed to the highest concentration of cypermethrin
insecticide (Amamra et al., 2015).

The GSH and GSH-related enzymes are considered as the
vital second-line defenses against oxidative damage and play
a major role in cellular metabolism and free radical scavenging
(Pena-Llopis et al., 2003; Liu et al., 2008). The marked decline
in GSH level in the present work might be due to its massive
utilization to challenge the prevailing oxidative stress resulting
from excess generation of ROS (Ranjbar et al., 2005; Ansari and
Ansari, 2014). Likewise, the depletion of GSH level may be
attributed to detoxification process depending on
glutathione-S-transferase (GST) enzyme which is one of the
enzyme systems that consuming GSH molecules as a substrate
(Farag et al., 2010). The  experimental results are in agreement
with earlier studies (Grara et al., 2012; Saib et al., 2014) that
elucidated a significant depletion of the GSH content in
paramecia exposed to polymethyl methacrylate (dental resin)
and amidophosphonate (organophosphorus insecticide),
respectively.

CONCLUSION

Based on experimental data obtained throughout this
study, it appears that Paramecium tetraurelia cells are sensitive
to cycloxydim this sensitivity is manifested by a disturbance in
the physiological state of Paramecium cells, accompanied with
a global change in responses of antioxidant biomarkers. Given
their sensitivity and particular cellular organization, it was
confirmed that these ciliates are ideal alternative models for
biomonitoring programs and assessing chemical toxicity.
However, further detailed studies should be focused on better
understanding the cycloxydim mechanism of action, as well as
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evaluating his genotoxic effects in Paramecium cells. It would
also be interesting to explore the long-term effects of this
herbicide or else test it on other aquatic organisms.
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