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A B S T R A C T

The contamination of the aquatic environments with organophosphorus pesticides may affect non-target
organisms. The aim of this study was to evaluate the toxic effects of the insecticide chlorpyrifos (CPF) at
environmental concentrations on the freshwater macrophyte Potamogeton pusillus belonging to a genus
of worldwide distribution. For this purpose, individuals were exposed from 3.5 to 94.5 ng of CPF L�1 for
96 h. A battery of biochemical responses including bioaccumulation, defense and damage biomarkers
were measured in leaf, stem and root. Even when CPF was not detected in the macrophyte tissues, our
results showed that this insecticide promotes oxidative stress and biomolecule damages in P. pusillus
after acute exposure. Significant response of biomarkers was observed from the lowest tested
concentration (3.5 ng CPF L�1). Oxidative stress was evidenced by increased lipid peroxidation and
antioxidant enzymatic activation, including changes in superoxide dismutase, guaiacol peroxidase and
glutathione peroxidase activities, especially in leaf. Also, a significant decrease in chlorophyll a and b
contents was observed mainly in leaf. Finally, with some selected biomarkers, an Integrated Biomarker
Response index was calculated showing a dose–response relationship with CPF exposure. Previous
studies reported that herbicides and organophosphorus pesticides are responsible for several effects on
photosynthetic systems but at higher exposure concentrations than the tested in this study. These results
draw attention to the need for more studies in toxic effects of insecticides on aquatic macrophytes, at low
concentrations and different biological levels, since the protection guidelines would not be preserving
these species.
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1. Introduction

The worldwide consumption of pesticide is about two million
tons per year, of which 24% is consumed in the United States of
America alone, 45% in Europe and 25% in the rest of the world
(Abhilash and Singh, 2009). After decades of extensive use of
organochlorine compounds with high environmental persistence,
the use of organophosphorus (OP) pesticides increased greatly in
the last twenty years. They are widely used because their low
persistence in the environment. Usually, pesticides are found in
aquatic habitats at varying concentrations because of direct
overspray, drift, atmospheric transport and runoff (Gilliom and
Hamilton, 2006). Many of them, lack target specificity and have
high acute toxicity toward non-target aquatic species being the
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most sensitive taxa among crustaceans, insects and fishes (Van
Wijngaarden et al., 2005). Nevertheless, little attention is often
attributed to the plants sensitivity and effects, especially aquatic
macrophyte.

An extensive bibliography reports the effects of OP on animals,
most of them associated with their consequence on diverse
physiological activities such as interference of oxidative metabo-
lism, inhibition of respiratory enzymes and inhibition of esterases
(Bertrand et al., 2016b; Bonifacio et al., 2016; Giesy and Solomon,
2014). Chlorpyrifos (CPF), O, O-diethyl-O-(3,5,6-trichloro-2-pyr-
idyl) phosphorothioate is a broad-spectrum OP pesticide exten-
sively used for the control of insects. According to John and Shaike
(2015), it was estimated that the use of CPF in 2015 would exceed
200,000 tons worldwide, and moreover, an annual growth is
expected in global demand for this insecticide. In Argentina, for
example, CPF is one of the pesticides most sold, after the herbicide
glyphosate, being the insecticide most used in the country (www.
casafe.org). Nevertheless, the United States of America and
European Union countries banned CPF for domestic use because
of the new evidence showing its harmful effects on organisms
(EFSA Journal, 2013; Giesy and Solomon, 2014). Others regions
under development, including South American and Asiatic
countries, are still making an intensive use of this compound
without major control (Abhilash and Singh, 2009; Giesy and
Solomon, 2014; Pozo et al., 2016 Prasertsup and Ariyakanon, 2011).
In this context, runoff from fields to rivers and lakes is expected as
well as direct overspray on aquatic environments, with the
consequent water contamination and probable toxic effect on
organisms. Previous studies reported CPF water contamination,
with levels up to 17000 ng L�1 of CPF, in different countries,
including Argentina (Giesy and Solomon, 2014; Mugni et al., 2011).

Non target effects of pesticides can be evaluated using
biomarkers as “early warning” signs, providing data on the
potential adverse impacts on aquatic species (Booth et al.,
2003). OP, including CPF, were initially designed to inhibit
cholinesterase enzymes, associated to nerve impulse transmission
in animals (Collange et al., 2010). This mode of action led to most of
the studies conducted about CPF effects, which were carried out
with invertebrates (Cooper and Bidwell, 2006; Gagnaire et al.,
2008) and vertebrates organisms (Attademo et al., 2015; Wang
et al., 2011). Considering the mechanism of action of the OP, we
would not expect toxic effects on photosynthetic organisms like
plants and algae. However, oxidative stress has been proposed as
other molecular mechanisms involved in pesticide induced
toxicity (Wang et al., 2013) and few studies could be found about
the damages of CPF over pigments concentration, photosynthetic
functions, growth and CO2 fixation in plants (Lal et al.,1987; Mishra
et al., 2008; Parween et al., 2011).

Plants have multiple strategies to confer their tolerance to
insecticide induced toxicity. Prevention of oxidative damage to
cells has been suggested as one of the mechanisms of stress
tolerance (Parween et al., 2012a,b). During pesticide exposure, the
uptake, metabolization and accumulation of these compounds can
occur in aquatic macrophytes (Karen et al., 1998; Knuteson et al.,
2002; Gao et al., 2000; Hand et al., 2001; Pietsch et al., 2006).
Differences in plant metabolism are considered the major cause of
variation in pesticides sensitivity among species. The species
specific preferences of carbon source (CO2, HCO3

� or air) and
nutrients ions (NO3

� or NH4
+) affect leaf permeability, pH

conditions around roots and in the leaf boundary layer and, the
metabolic pathways present in the plants (Cedergreen et al., 2004).
All these variables as well as growth rate will determinate the
uptake rate of a toxic compound.

The study of biomarkers in native bioindicators results relevant
since the sensibility to a toxic compound is specie dependent (van
der Oost et al., 2003) and only few previous studies indicated
negative effects of water contamination on native biota of South
America, particularly for plants (Garanzini and Menone, 2015;
Pérez et al., 2008). According to Swanson et al. (1991) aquatic
macrophytes were described as more sensitive to pesticides than
algae mainly because pesticides (specially herbicides) are often
designed to control vascular plants. Nevertheless, another
comparative studies indicate than for an important group of
chemicals, including herbicides, algal species were more sensitive
than macrophytes (Giddings et al., 2013). Despite the differences in
obtained conclusions, both authors, showed a wide variability in
sensitivity according to chemicals, concentrations and species
tested.

The genus Potamogeton is known to be a good candidate for
development as test species in non-target plant test guidelines
(Swanson et al., 1991). This genus has a cosmopolitan distribution
(Novara, 2003; http://www.iucnredlist.org) and an ecological
importance within the aquatic ecosystem, providing shelter and
habitat for young fishes and other aquatic animals. Sensitivity of
Potamonogeton perfoliatus and Potamogeon pectinatus to herbicides
like atrazine and fluridone have been reported (Swanson et al.,
1991). However, less information about Potamonogeton sensitivity
to insecticides, including OP, could be found (Hand et al., 2001).
Consequently, Potamogeton pusillus has been used as a bioindicator
to provide information on environmental quality (Harguinteguy
et al., 2016).

The aim of this study was to evaluate the effects of CPF at
environmental concentrations on P. pusillus, a South American
native species, exposed in laboratory conditions for 96 h. For this
purpose, bioaccumulation, damage and defense biomarkers were
measured in leaf, stem and root of the macrophyte. The results of
these biological responses would help to clarify the mode of toxic
action of this insecticide on non-target species. An integrated
biomarkers index was also calculated for a more holistic view of
the toxic effects, to evaluate at which concentration the macro-
phyte suffered a significant stress or damages and reinforces the
usefulness of P. pusillus as bioindicator. According to the described
background, the hypothesis was that P. pusillus exposed to low
concentrations of CPF is able to show changes in biological
responses evidencing stress or damages.

2. Materials and methods

2.1. Reagents and materials

All reagents were of analytical grade supplied by Sigma–Aldrich
and Sintorgan (Argentina). All materials used were left with
sulfuric-nitric acids solution overnight and then washed with
ultra-pure water to avoid contamination. Chlorpyrifos (CPF)
analytical standard diluted in acetone was used as stock solution
for calibration of insecticide quantification method.

2.2. Specimens

Macrophyte, Potamogeton pusillus were collected from a
reference site (Córdoba, Argentina; Monferrán et al., 2009; Galanti
et al., 2013). Plants were acclimated during two weeks in 40 L glass
aquaria filled with 10% Hoagland’s solution and sediment (1/4)
from the same sampling area. During two weeks, they were
maintained at constant laboratory temperature (25 �C � 1 �C),
under a light/dark regime, 14 h: 10 h photoperiod (Monferrán
et al., 2012).

2.3. Experimental exposure

Two days before the beginning of insecticide exposition,
organisms were relocated into the exposure aquaria. Plants were
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kept in 1 L beakers (three plants per beaker, 5–8 g wet weight-ww
per liter) containing 10% Hoagland’s solution, without sediment.

The experimental design involved five experimental condi-
tions: control (Ctrol), organisms exposed to 3.5 ng L�1 CPF ([C3.5]),
10.5 ng L�1 CPF ([C10.5]), 31.5 ng L�1 CPF ([C31.5]) and 94.5 ng L�1

CPF ([C94.5]). CPF exposition was carried out for 96 h at similar
temperature and photoperiod than acclimation. From the stock
solution of CPF a standard solution was prepared in water and
specific aliquots were taken to provide nominal concentrations.
The exposure solution with higher concentration of CPF also
contained 0.002% of acetone. Therefore, acetone was added at
0.002% to control condition.

Due to unstable nature of CPF during the exposure conditions,
all the exposure media, including control condition, were replaced
every 24 h with freshly made solutions. CPF concentrations were
measured in medium samples collected in the aquariums 30 min
after the renewal (0 h) and previous to the daily medium
restitution (24 h). Samples of media were taken at each exposure
day along the 96 h. CPF was extracted from exposure media by solid
phase extraction as described by Bonansea et al. (2013). The
extracts were analyzed by an Agilent 6890 gas chromatograph
(Santa Clara, CA, USA) equipped with a microelectron capture
detector and a Varian VF–5ms 30 m � 0.25 mm � 0.25 mm capillary
column (Palo Alto, CA, USA) to separate and identify the pesticide
residue (Maggioni et al., 2012). The obtained limits of detection
(LD) and quantification (LQ) in aquarium water were 0.7 and
2.1 ng L�1, respectively.

The CPF concentrations tested were selected according to:

1. relevant environmental concentration (CPF = 1.2–17000 ng L�1,
Mugni et al., 2011; Bonansea et al., 2013); and

2. the limit recommended by CCME (2012) and AEWQG (2003) for
the protection of aquatic biota (�2 ng L�1 and �6 ng L�1,
respectively).

Table 1 shows quantified CPF concentrations (ng L�1) in the
exposure media after (0 h) and before the medium restitution
(24 h). The decay in pesticide concentration after 24 h was
coincident with previous studies, and varied between 50% and
100% (Bertrand et al., 2016b). Insecticide concentrations in control
aquariums were below the detection limits of the method.

Fig. 1 shows the experimental design carried out. For each
treatment 36 organisms distributed in twelve independent aquaria
were exposed (totaling 180 macrophytes). Six pools of two plants
were processed, in order to obtain the necessary mass, for the
measurement of CPF bioaccumulation. At least six organisms were
taken randomly from six independent aquaria for effects
biomarkers determination: six for H2O2, six for lipid peroxidation,
six for pigments content, and six for enzyme activity. All
measurements were performed in triplicate.

At the end of exposure, macrophytes were washed three times
with ultra-pure water, weighed and dissected (leaf, stem and root).
Finally, samples were frozen with liquid nitrogen and kept at
�80 �C until analysis.
Table 1
Chlorpyrifos concentrations (ng L�1) in medium samples after (0 h) and before
(24 h) daily medium renewal. Mean � standard deviation are indicated for samples
taken at each day along the 96 h. The nominal concentration were Control = 0 ng L�1

[C3.5] = 3.5 ng L�1, [C10.5] = 10.5 ng L�1, [C31.5] = 31.5 ng L�1, [C94.5] = 94.5 ng L�1.

Experimental conditions 0 h 24 h

Control <LD <LD
[C3.5] 4.2 � 0.7 <LD
[C10.5] 12.6 � 1.1 6.3 � 1.5
[C31.5] 29.0 � 7.2 6.9� 1.9
[C94.5] 97.5 � 2.6 14.0 � 13.4
2.4. Bioaccumulation of chlorpyrifos

One gram of homogenized tissues (leaf, stem or root) was
weighed in a 15 mL polypropylene centrifuge tube and 2 mL of 1%
v/v of acetic acid in acetonitrile were added. The mixture was
sonicated 5 min in a cold bath and then, QuEChERS (Waters)
extraction bag with 0.8 g anhydrous MgSO4 and 0.2 g sodium
acetate was added. The tubes were shaken immediately for 1 min.
The sample was then centrifuged for 5 min at 4000 rpm. During the
clean-up step, 0.5 mL upper acetonitrile layer was transferred into
a 2 mL centrifuge tube with 75 mg MgSO4, 25 mg PSA (primary and
secondary amine) and 5 mg of graphitized carbon black (Waters).
The tubes were shaken immediately for 1 min and centrifuged for
2 min at 3500 rpm. Supernatant was transferred to vial, 10 mL of 1-
octanol was added, and the extract was reduced to nearly dryness
with nitrogen. Finally, the residue was re-dissolved with 600 mL of
n-hexane, then introduced into an auto sampler vial for Gas
Chromatography coupled with Electron Capture Detector analysis
(GC–ECD; Maggioni et al., 2012). Recovery percentages of CPF were
previously evaluated from spiked samples obtaining values of
89 � 5%.

2.5. Effects biomarkers

2.5.1. Hydrogen peroxides
The hydrogen peroxide (H2O2) concentration was determined

according to Jana and Choudhuri (1981) in extracts of leaf, stem
and root of macrophytes prepared in sodium phosphate solution
(50 mM, pH 6.5). The pertitanic acid (H2TiO4) generation, after the
reaction of H2O2 with titanium sulfate dissolved in a H2SO4, was
measured by spectrophotometry at 415 nm. Results were
expressed in mg H2O2 g�1ww.

2.5.2. Lipid peroxidation
Lipid peroxidation was estimated by determining the thio-

barbituric acid-reactive substances (TBARs) content in aqueous
extracts of P. pusillus according to Heath and Parker (1968). The
amount of present TBARs was calculated using an extinction
coefficient of 155 mM cm�1. Results were expressed in nmol g�1

wet weight (ww).

2.5.3. Pigments content
Chlorophyll (Chl) and pheophytins (Pheo) concentrations were

determined in leaf and stem of P. pusillus according to Wintermans
and de Mots (1965). Concentrations of pigments in plant extracts
were measured by visible spectrophotometry using a microplate
reader (Chl = 649 and 665 nm; Pheo = 654 and 666 nm, after
hydrochloric acid addition). Concentrations were calculated and
reported in mg pigment g�1 ww.

2.5.4. Enzyme extraction and measurement
Enzyme extracts of P. pusillus were prepared according to

Monferrán et al. (2009). After removal of cell debris (10 min at
13,000 g, 4 �C), the membrane fraction of the extracts was
separated by centrifugation at 105,000g for 60 min. The remaining
supernatant, defined as the soluble (cytosolic) fraction was used
for enzyme measurement. Enzymatic activities were determined
by spectrophotometry, using a microplate reader (Bio-Tek, Synergy
HT).

The activity of cytosolic and membrane bound glutathione-S-
transferase (GST; EC 2.5.1.18) was measured according to Habig
et al. (1974) using 1-chloro-2, 4-dinitrobenzene (CDNB) as
substrate. The glutathione reductase activity (GR; EC 1.8.1.7) was
assayed according to Tanaka et al. (1994). GR reduces added
glutathione disulphide (GSSG) to reduced glutathione (GSH),
spectrophotometrically consuming added NADPH. The activity of



Fig. 1. Experimental design used for exposure of P. pusillus at different CPF concentrations for 96 h.
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glutathione peroxidase (GPx; EC 1.11.1.9) was determined as
reported by Drotar et al. (1985) using hydrogen peroxide (H2O2) as
substrate. The guaiacol peroxidase (POD) activity was measured
using guaiacol and H2O2 (Bergmeyer, 1983). Superoxide dismutase
activity was determined by using the photochemical p-nitroblue
tetrazolium chloride (NBT) reduction method as described by
Aiassa et al. (2010) (SOD; EC 1.15.1.1).

The activity of all enzymes assessed was calculated in terms of
the protein content of the sample extract (Bradford, 1976) and is
reported in nanokatals per milligram of protein (nkat mg prot-1),
where 1 nkat is the conversion of 1 nmol of substrate per second.
Likewise, one unit of SOD activity is defined as the amount of
enzyme required to cause 50% inhibition in the reduction of NBT.
The protein quantification was performed using bovine serum
albumin as standard.

2.6. Data analysis

2.6.1. Statistical treatment
Data were expressed as the average � standard deviation (SD).

Generalized Linear Mixed Model was used for the statistical
analysis. Normality and variance homogeneity were tested and
variance function was applied if necessary. A posteriori test, LSD
Fisher test, with the corresponding Bonferroni errors correction,
was used to prove for significant differences between the means of
control and other treatments (p < 0.05). R Studio and Infostat
(Version 2013p, Di Rienzo et al., 2016) were used for all statistical
analysis.

2.6.2. Boosted regression trees and integrated biomarkers response
The aim of this analysis is to determine those effect biomarkers

with higher capacity to explain or predict the exposure concen-
trations of CPF. Boosted regression trees (BRT) have been fitted
according to procedure described by Bertrand et al. (2016a). Briefly,
the model was constructed with the GBM packages (Ridgeway,
2013) in R (version 0.98.953), using the code described by Elith
et al. (2008) including those biomarkers with significant differ-
ences to control condition. This method builds a sequence of
models of increasing complexity, in order to describe relationships
between the response variable (exposure CPF concentration) and
the predictor variables (effect biomarkers) getting the variance
percentage of the response variable explained by each biomarker
(BRT%). Considering our sample size, we set tree complexity at 2.
The PRESS function was applied to know the capacity of each
biomarker selected to predict the CPF exposure concentration.

One general stress index, termed “Integrated Biomarker
Response”, was afterwards calculated with the selected biomark-
ers in each plant sector of P. pusillus. This IBR was performed in
accordance to Beliaeff and Burgeot (2002) with modifications by
Devin et al. (2014). Several IBRs were calculated from the same
data changing the order of the biomarkers and using the median of
all the index values as the final index value. Kruskall Wallis test was
carried out to identify IBR differences between treatments.

3. Results and discussion

3.1. Bioaccumulation

The concentration of CPF was below the detection limit of the
method in all the extracts of leaf, stem and root of all analyzed
plants (3 ng g�1 CPF wet weight) (data not shown). Our results
could be indicating that the biotransformation mechanisms in
macrophyte are enough to avoid the accumulation of the parental
compound, at least at the exposure concentrations tested.

In macrophytes enzymes could metabolize OP, after they reach
the plant cells, trough different pathways: 1- P-450 mediated
oxidation 2- Hydrolytic transformation predominantly via ester-
ases, amidases, aryl acylamidases and nitrilases. 3- Aromatic
dehalogenation trough nitroreductases or 4- Conjugation with
sugar, amino acid or GSH (Ven Eerd et al., 2003). At the same time,
this transformation is dependent on different factors including
physicochemical properties of the compounds, plant species, and
environmental factors (Gao et al., 2000).

Previous studies reported that some aquatic plants possess
nonspecific hydrolytic enzymes able to degrade OP insecticide
probably as a remediation potential. The capacity of acid
phosphatase from the aquatic plant Spirodela oligorrhiza to
transform OP, has been explored by Hoehamer et al. (2005). In
this species, even though OP transformation was verified, a wide
variability in the capacity of biotransformation enzymes was
obtained depending on the characteristics of the tested com-
pounds (Gao et al., 2000; Hoehamer et al., 2005).On the other
hand, Prasertsup and Ariyakanon (2011) reported the capacity of
some aquatic macrophytes, like Pistia stratiotes and Lemna minor, to



Fig. 2. TBARs levels (nmol g�1 ww) in leaf, stem and root of P. pusillus exposed at different CPF concentrations. Ctrol (not CPF exposed); [C3.5] (3.5 ng L�1 CPF); [C10.5]
(10.5 ng L�1 CPF); [C31.5] (31.5 ng L�1 CPF); [C94.5] (94.5 ng L�1 CPF). Median, quartiles and outliers are indicated in the box plot graph. Different letters indicate significant
differences (p < 0.05) among treatments and plant sectors.
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sequester significant amounts of CPF from the water column. These
authors also described a significant inhibition of grow rates in the
mentioned species at 1 mg L�1of CPF. Nevertheless, poor informa-
tion was found about OP compound metabolites, including CPF, in
plants. Baerg et al. (1996) described the capacity of some OP
compounds (CPF, permethrin, malathion, among others) to inhibit
the biotransformation enzyme cytochrome P450 in maize. Their
results indicate that CPF was able to inhibit this enzyme causing a
decline in activity of 46% (Baerg et al., 1996), probably decreasing
the rate of CPF transformation to oxon-analog.

The main route of metabolism of CPF in plants is via cleavage of
the P-O-pyridinol function to give 3, 5, 6-trichloro-Z-pyridinol
which is then conjugated. Desulfuration to the oxon has also been
reported. Most studies have shown that the CPF which is taken up
by the foliage of plants is rapidly metabolized to 3,5,6-trichloro-2-
pyridinol which is then sequestered by the plant as glycoside
conjugates (Roberts and Hutson, 1999).

3.2. Damages and defenses biomarkers

Pesticides, and particularly OP, are well known to cause
oxidative stress in animals (Valavanidis et al., 2006; Wang et al.,
2013). However, less information of oxidative stress occurrence in
Fig. 3. Chlorophylls a and b concentrations (mg g�1 ww) in leaf and stem of P. pusillus exp
[C10.5] (10.5 ng L�1 CPF); [C31.5] (31.5 ng L�1 CPF); [C94.5] (94.5 ng L�1 CPF). Median, qua
significant differences (P < 0.05) among treatments and plant sectors.
photosynthetic organisms can be found in literature. Some studies
reported the negative effects on growth and photosynthetic
activity in Potamogeton species when exposed to different
herbicides (Arts et al., 2008; Knauert et al., 2010; Fleming et al.,
1995). Nevertheless, the effects of CPF on aquatic macrophytes, and
especially Potamogeton genus, have been poorly studied.

The pigments content did not allow us to measure hydrogen
peroxides in the samples. Nevertheless, oxidative damage of lipids
(TBARs) was observed (Fig. 2).

Levels of lipid peroxidation increased a 24% in leaf at [C31.5],
while the concentration decreased a 35% at [C94.5], both respect to
control condition. Stem, showed significant damages on lipids
from [C10.5] to the higher exposure concentration, increasing
between 34 and 50% compared to control condition. Finally, roots
presented a decrease in this response at [C94.5] reaching a 21% less
than control condition, similar to the response observed at the
higher exposure concentration in leaves. The TBARs levels
variation among plants sectors were according to leaf > root >
stem. Hazarika et al. (2003) reported than lipid peroxidation may
be the first step of cellular membrane damage by OP compound. In
agreement with our results, Song et al. (2007) described the
increase of TBARs levels in leaves of wheat plants exposed to an
herbicide. Moreover, Vigna radiata exposed to CPF suffered
osed at different CPF concentrations. Ctrol (not CPF exposed); [C3.5] (3.5 ng L�1 CPF);
rtiles and outliers are indicated in the box plot graph. Different letters indicate



Fig. 4. Pheophytins a and b concentrations (mg g�1 ww) in leaf and stem of P. pusillus exposed at different CPF concentrations. Ctrol (not CPF exposed); [C3.5] (3.5 ng L�1 CPF);
[C10.5] (10.5 ng L�1 CPF); [C31.5] (31.5 ng L�1 CPF); [C94.5] (94.5 ng L�1 CPF). Median, quartiles and out layers are indicated in the box plot graph. Different letters indicate
significant differences (p < 0.05) among treatments and plant sectors.
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oxidative stress increasing its TBARs levels (Parween et al., 2012a,
b). The decay in TBARs concentrations observed at [C94.5] in P.
pusillus could be indicating the occurrence of degradation
mechanisms of damaged lipid (Kohen and Nyska, 2002). Schwei-
kert and Burritt (2012), reported an increase followed by a decline
of lipid peroxidation in Ulva pertusa exposed to an OP compound.
The authors also mention that the lipid peroxides can be removed
via conversion to alcohols by phospholipid hydroperoxide
glutathione peroxidases or by the action of phospholipases, with
the resulting free fatty acid peroxides rendered harmless by the
action of glutathione peroxidases.

Fleming et al. (1995) reported significant effects of 11 herbicides
on Potamogeton pectinatus, showing inhibition in the photosyn-
thetic activity at 4 ng L�1 of a triazine herbicide. Less information is
available about insecticides damages over pigments content in
macrophytes. In our experiments, significant damages in macro-
phyte pigments have been observed in P. pusillus exposed to CPF.
The chlorophylls and pheophytins content are displayed in Figs. 3
and 4, respectively. In leaf, the concentrations of Chl a decreased
significantly from [C3.5]. Similarly, Chl b in leaf diminished
significantly, starting at [C10.5]. Maximum decay was observed at
Table 2
Antioxidant enzymes activities in leaf, stem and root of P. pusillus exposed at different CP
CPF); [C31.5] (31.5 ng L�1 CPF); [C94.5] (94.5 ng L�1 CPF). Superoxide dismutase (SOD), G
deviation (SD) are indicated. Different letters indicate significant differences (P < 0.05)

Leaf 

Means SD 

SOD
U mg-1proteins Ctrol 0.04 0.02 a Ctrol 

[C3.5] 0.09 0.02 b [C3.5] 

[C10.5] 0.04 0.01 a [C10.5] 

[C31.5] 0.03 0.03 a [C31.5] 

[C94.5] 0.09 0.02 b [C94.5] 

POD
nkat mg-1 proteins Ctrol 235.3 86.6 c Ctrol 

[C3.5] 254.6 37.8 c [C3.5] 

[C10.5] 211.1 40.3 c [C10.5] 

[C31.5] 306.5 85.4 c [C31.5] 

[C94.5] 489.7 164.2 d [C94.5] 

GPx
nkat mg-1 proteins Ctrol 0.58 0.34 a Ctrol 

[C3.5] 1.03 0.32 ab [C3.5] 

[C10.5] 0.75 0.28 ab [C10.5] 

[C31.5] 1.12 0.48 b [C31.5] 

[C94.5] 3.34 0.45 c [C94.5] 
the higher exposure concentration (94.5 ng L�1) where the
chlorophylls contents were 55% lower than control condition. In
stem, the observed response pattern was not as clear as on the leaf.
The Chl b suffered a significant degradation at [C3.5] but not at the
others exposure concentrations, while Chl a increased at interme-
diate exposure concentration ([C10.5]). Chl a is well known to be
more sensitive to oxidative stress than others pigments (Kong
et al., 1999).In fact, in P. pusillus exposed to CPF Chl a showed a
higher sensitivity than Chl b in leaf, responding from [C3.5].

In leaf, the Pheo a content showed a decrease tendency from
[C3.5] to [C94.5], being significant only at [C31.5] when compared to
control condition (Fig. 4). The Pheo b showed a similar tendency,
although non-significant. In stem, a significant decay in Pheo a and
b concentrations has been observed at all tested concentrations.

Few authors described significant effects of OP on photosyn-
thetic system, especially on pigments content and growth in plants
and algae. Nevertheless, usually, no significant effects are reported
in algae and plants exposed to low doses of pesticides, including
OP. The growth inhibition of this organisms is informed at higher
exposure concentrations (mg L�1) than tested here (ng L�1; Mishra
et al., 2008; Mostafa and Helling, 2002). Singh et al. (2011) reported
F concentrations. Ctrol (not CPF exposed); [C3.5] (3.5 ng L�1 CPF); [C10.5] (10.5 ng L�1

uaiacol Peroxidase (POD) and Glutathione Peroxidase (GPx). Means and standard
 among treatments and plant sectors.

Stem Root

Means SD Means SD

0.26 0.03 c Ctrol 0.79 0.09 e
0.2 0.07 c [C3.5] 0.98 0.18 e
0.13 0.03 b [C10.5] 0.3 0.06 d
0.14 0.04 b [C31.5] 0.34 0.14 d
0.22 0.09 c [C94.5] 0.39 0.06 d

62.2 12.5 b Ctrol 70.1 12.2 b
76.5 22 b [C3.5] 88.4 15.7 b
66 17.9 b [C10.5] 81 27.4 b
47.2 13.3 b [C31.5] 81.9 17.1 b
79.1 18 b [C94.5] 97.5 10.5 b

0.59 0.32 a Ctrol 0.41 0.15 a
0.57 0.4 a [C3.5] 0.65 0.11 a
0.29 0.14 a [C10.5] 0.56 0.21 a
0.36 0.21 a [C31.5] 0.46 0.13 a
0.47 0.22 a [C94.5] 0.5 0.19 a



Table 3
Boosted Regression Trees (BRT) and PRESS values for P. pusillus: Percentages (%) of Y
variability (exposure concentration) explained by each predictor variable (bio-
markers response). Press values are shown for each biomarker. Bold values indicate
selected biomarkers.

Bm Plant Sector BRT (%) PRESS

TBARs Leaf 30.6 0.13
GPx Leaf 27.9 0.66
POD Leaf 17.6 0.55
Chl b Leaf 6.9 0.20
Pheo a Leaf 3.0 0.00
SOD Root 2.6 0.19
TBARs Root 2.6 0.02
SOD Leaf 2.2 0.00
TBARs Stem 1.8 0.02
Chl a Leaf 1.1 0.23
SOD Stem 1.0 0.00
Chl a Stem 0.9 0.00
Chl b Stem 0.7 0.00
Pheo a Stem 0.6 0.10
Pheo b Stem 0.5 0.00
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the 77% inhibition of growth in cyanobacterium Synechocystis sp.
exposed to 10 mg L�1 CPF. In line with these results, Yadav (2015)
reported a decrease in Chl a pigments at 0.5 mg L�1 with maximal
decay at 10 mg L�1 in Spirulina exposed to CPF. In both cases,
exposure concentrations were in mg L�1 while our results are
indicating negative effects on pigments levels of P. pusillus,
especially Chl a, at lower concentrations (from 3.5 ng CPF L�1).
Our results show the importance of low dose testing and the
inclusion of molecular biomarker response as complementary
information to the endpoints usually used for regulatory purposes.

To mitigate and repair the damage caused by enhanced reactive
oxygen species, plants have evolved complex antioxidant systems.
The activation of enzymatic and non-enzymatic systems have been
reported in photosynthetic organisms exposed to pesticides (Arora
et al., 2002). Superoxide dismutase is a major scavenger of
superoxide, and its enzymatic action results in the formation of
H2O2 and O2. The hydrogen peroxide produced is then scavenged
by catalase and a variety of peroxidases. The POD decomposes
H2O2 by oxidation of co-substrates such as phenolic compounds or
antioxidants, being the GSH one of the most important antiox-
idants that occurs in biological systems. Finally, GPx participate to
Fig. 5. Integrated Biomarkers Response (IBR) values at different exposure concentratio
(31.5 ng L�1 CPF); [C94.5] (94.5 ng L�1 CPF). Median, quartiles and out layers are indicate
among treatments.
reduce lipid hydroperoxides to alcohol, with the concomitant
oxidation of GSH to GSSG (Regoli et al., 2011).

In P. pusillus exposed to CPF an increase in SOD activity has been
observed at [C94.5] in leaf, probably indicating the presence of
oxygen radicals. In contrast, a significant inhibition occurred in
root from [C10.5] to [C94.5], whereas in stem, inhibition only
occurred significantly at intermediate concentrations ([C10.5] and
[C31.5]) (Table 2). Parween et al. (2012a,b) reported the induction of
SOD and ascorbate peroxidase activities. Ascorbate peroxidase is
an enzyme with similar function than POD, measured in Vigna
radiate exposed to CPF. In leaf of P. pusillus the POD activity showed
a tendency to increase from [C3.5] with a significant induction only
at the higher exposure concentration, while no significant
variation occurred in the others plant sectors (Table 2). Induction
of POD and SOD activity has been previously reported by Ganguly
et al. (2010) in Lathyrus sativus L. exposed to OP. Finally, the GPx
activity was affected only in leaf of P. pusillus, where a tendency to
enzymatic activation was observed from [C3.5] even though it was
significant at [C31.5] and [C94.5]. The rise of TBARs could be the cause
of GPx increased activity at the higher exposure concentrations, in
this plant sector. No enzymatic activity was detected for GST and
GR in all plant sectors. According to our results, enzymatic
antioxidant systems showed a higher response in leaf compared
with stem and root. Probably, the enhanced enzymes response in
leaf could be indicating an attempt to protect photosynthetic
system and other biomolecules.

3.3. Boosted regression trees (BRT) and integrated biomarkers
response (IBR)

Integrated Biomarkers Response (IBR) index constitutes a
practical and robust tool to assess the susceptibility of an exposed
organism to pollutants using multiple biomarker responses
(Beliaeff and Burgeot, 2002). Nevertheless, the calculation of IBR
needs a previous selection of biological responses to be considered.
The use of boosted regression trees (BRTs) is a valid tool to select
those biomarkers to be used in IBR (Bertrand et al., 2016a).
Therefore, biomarkers from the three plant sectors with a
significant variation respect to control condition were used to fit
a BRT model. Table 3 shows the percentages of exposure
concentration variability explained by each variable (biomarkers),
where only two biomarkers, GPx and POD activity in leaf, showed a
good PRESS value (�0.5).
ns. Ctrol (not CPF exposed); [C3.5] (3.5 ng L�1 CPF); [C10.5] (10.5 ng L�1 CPF); [C31.5]
d in the box plot graph. Different letters indicate significant differences (p < 0.05)
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Considering these results, it could be assumed that the others
biomarkers did not have the best capacity to predict, probably
indicating a low capability of P. pusillus to reflect CPF exposure
concentrations, at least with biomarkers here measured. Never-
theless, the biomarkers explaining a high percentage of variability
in the exposure concentrations tested were considered to build an
Integrated Biomarker Response (IBR). In this way, TBARs, GPx, POD,
Chl b and Pheo a, all of them measured in leaf, explained (all
together) more than 85% of variability, allowing us to calculate the
stress level suffered by P. pusillus. The obtained results are shown in
Fig. 5.

Significant increased IBR values were observed for all CPF
exposures when compared to the control condition. According to
these results P. pusillus exposed to CPF suffered a significant stress
respect to control organisms even at the lower concentration
tested (3.5 ng L�1).

4. Conclusions

In the present study, toxic effects of CPF at environmental
concentrations on P. pusillus were analyzed using a battery of
biochemical responses including bioaccumulation, defense and
damage biomarkers. Even when CPF was not detected in
macrophyte tissues, our results showed that this insecticide
promotes oxidative stress and biomolecule damages in P. pusillus
after an acute exposure. On the one hand, oxidative stress was
evidenced by increased TBARs and antioxidant enzymatic activa-
tion, including SOD, POD and GPx, especially in leaf. On the other
hand, significant decrease in chlorophylls contents was observed
mainly in leaf from 3.5 ng CPF L�1. Finally, the integration of
selected biomarkers in the IBR showed a dose–response relation-
ship with CPF exposure. These last results are interesting if we
consider that previous studies reported that herbicides and OP
compounds are responsible for several effects on photosynthetic
systems but at higher exposure concentrations than here evaluat-
ed. Our study contributes with new data on aquatic plant toxicity at
molecular level, with different endpoints parameters from those
usually taken into account for regulation purposes of insecticides
(as growth rate and biomass). These results draw attention to the
need for more studies in toxic effects of insecticides at different
biological levels on aquatic macrophytes, especially at low dose,
since these compounds are ubiquitous and, probably, the protec-
tion guidelines levels would not be preserving these species.
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