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Abstract
Although herbicide and insecticide contamination of surface waters normally occurs in the form of
mixtures, the toxicity interactions displayed by such mixtures have only rarely been characterized. This
study evaluated the acute effects of single pesticides (paraquat dichloride and deltamethrin, tested in
their commercial formulations Gramoxone 276 SL and Decis 25EC) and their equitoxic mixtures on the
survival of adult male guppy �sh (Poecilia reticulata). Mixture toxicity was evaluated against the
reference models of Concentration Addition (CA) and Independent Action (IA). In the single treatments,
the 72h LC10 and LC50 values were 1.5 and 6.0 mg a.s. L-1 and 0.53 and 3.6 µg a.s. L-1 for paraquat
dichloride and deltamethrin, respectively. The equitoxic mixtures showed signi�cant paraquat dichloride-
deltamethrin antagonism, both based on the CA and the IA model, without signi�cant dose-level
dependent deviations.

1. Introduction
Aquatic organisms are often exposed to pesticides, mainly from agriculture runoff that may potentially
harm non-target organisms (Lushchak et al. 2018). These organisms are usually not exposed to single
substances but rather to mixtures of numerous pesticides that vary over-time in concentration and
composition (Moustafa et al. 2016). Investigation of single pesticides cannot re�ect the true toxicity of
their mixtures in the natural environment (Yu et al. 2016). Guppy (Poecilia reticulata) is among the non-
target aquatic organisms exposed to pesticides, especially in tropical countries (Stanley and Preetha
2016).

Among agrochemical products, paraquat dichloride and deltamethrin are still widely used for farming in
many developing countries (Lu et al. 2019), including Indonesia. Paraquat, with a half-life in water
between 2 to 820 years depending on sunlight and depth of water (Watts 2020), generates the superoxide
anion (O2

−) that affects all cellular components (Nandipati and Litvan 2016). Deltamethrin, a type II
pyrethroid, with a half-life in water ranging from 2 to 8 weeks (MacLachlan 2002), acts by blocking the
sodium channels of nerve �laments lengthening the depolarisation phase and affecting the function of
GABA-receptors in nerve �laments (Moid et al. 2012). As a consequence, both pesticides may also affect
non-target organisms such as guppy, both single and in mixtures.

Although data are available on the toxicity of most pesticides to a small number of model organisms,
limited data exist concerning the mixture toxicity of herbicides and insecticides (Rodney et al. 2013). The
toxic effects of paraquat and deltamethrin on tropical planktonic organisms in West Africa have been
evaluated by Leboulanger et al. (2009). However, no studies have tested the effect of their mixtures in
guppy. Guppy is a commonly used test animal in the bioassay experiments (OECD 1993).

Mixture toxicity is generally predicted using two reference models, Concentration Addition (CA) (Loewe
and Muischnek 1929) and Independent Action (IA) (Bliss 1939). Some studies suggest that mixtures of
chemicals having the same toxicological modes of action better �t the CA model, while mixtures of
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chemicals having different modes of action tend to be best modelled by IA (Mansano et al. 2017; Queirós
et al. 2018). When modes of action of the chemicals are unknown, both CA and IA models are applied
and the one that best �ts the data is chosen over the other (Pavlaki et al. 2011). However, deviations from
these reference models can occur, with synergism or antagonism (S/A) being observed which may also
be dose-level dependent (DL) (Jonker et al. 2005).

The aim of this study was to evaluate the acute effects of paraquat dichloride and deltamethrin and their
equitoxic mixtures on the survival of the guppy (P. reticulata). For this purpose, toxicity tests were
performed with single compounds (tested in their commercial formulations) and their binary
combinations, using survival as the endpoint.

2. Materials And Methods
LC10 and LC50 values were obtained using the logistic response model after Haanstra et al. (1985), (Eq.
1): 

where max is the response in the control, ci the concentration of compound i, LCx the lethal concentration
killing x% of the rest organisms, and β a slope parameter. Values for these parameters and corresponding
95% con�dence intervals were estimated by nonlinear regression in SPSS.

Binary mixtures were then prepared to evaluate the interaction effects on guppy survival, using a more or
less equitoxic ratio of paraquat dichloride (0, 1.5, 3.0, 6.0, 12.0, 24.0 mg a.s. L-1) and deltamethrin (0, 1.5,
3.0, 6.0, 12.0, 24.0 mg a.s. L-1). The experimental procedure to test the binary pesticide mixtures was
identical to the one for the single pesticides. The experimental responses (guppy survival) were compared
to the reference CA and IA models to assess the most suitable modelling approach using the MIXTOX
tool in Excel developed by Jonker et al. (2005). Deviation functions to the reference models adapted from
Jonker et al. (2005), were �tted to the experimental data to identify if synergistic/antagonistic (S/A) as
well as dose-level (DL) dependent effects were more suitable to describe the experimental data. These
effects can be denoted by the values of two additional model parameters (a and b) as detailed in Jonker
et al. (2005). Comparisons between different models �tting signi�cantly to the dataset were carried out
using the F-test under the assumption that a simpler model (i.e. with less parameters) represents a better
�tting solution than a more complex one; the rank from the simpler to the most complex is as follows:
Baseline>S/A>DL. 

3. Results
In none of the bioassays control mortality occurred, con�rming validity of the tests. No chemical analyses
were done to con�rm exposure concentrations. First, both chemicals were applied in their commercial
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formulations, the formulating agents ensuring homogenous dispersion in the test media and limiting
possible loss by sorption to walls of the test containers. Second, due to the short duration of the tests
compared to the long half-lives of both chemicals in water (see above), exposure concentrations probably
did not decrease much during the tests. Finally, the results of the toxicity tests showed consistent dose-
response curves with effect levels in agreement with values reported in the literature (see below),
con�rming actual exposure levels were in agreement with the nominal ones. 

For both the single pesticides paraquat dichloride and deltamethrin, the toxicity data for effects on guppy
survival were reasonably well �tted using the logistic model (Figure 1). The 72h acute LC10 and LC50

values for the effect of paraquat dichloride and deltamethrin on adult male P. reticulata survival were 1.5
and 6.0 mg a.s. L-1 and 0.53 and 3.6 µg a.s. L-1, respectively (Table 1). The toxic unit (TU)
approach, which is commonly used to assess the toxicity of chemical mixtures (Marking
1985), showed that the 72h LC50 for the paraquat dichloride+deltamethrin mixture was 1.4 TU (Figure 2
and Table 2). According to the MIXTOX tool this value is signi�cantly higher than the LC50s of 1.0 TU for
both paraquat dichloride and deltamethrin, indicating antagonism. Results of the analysis of the effect of
the binary mixtures of paraquat dichloride and deltamethrin on the survival of P. reticulata using the
reference models of CA and IA is shown in Table 3. These results con�rm antagonism when tested again
the CA model (a=3.61, X2

(df=1)=6.47, P<0.05) without signi�cant dose-level dependent deviations. The

mixture effect was also antagonistic when analyzed using the IA mode (a=3.44, X2
(df=1)=8.16, P<0.05),

also without further deviations.

4. Discussion
The 72h LC50 values obtained in the present study for the single pesticide exposures are in accordance
with the few comparable studies available in the literature. It was found that a 96h LC50 for the toxicity of

paraquat dichloride to P. reticulata of 13 mg a.s. L-1 (Eisler 1990). The 72h LC50s for the toxicity of

deltamethrin to P. reticulata ranged between 1.17 mg a.s. L-1 (FAO 2017) and 20.0 mg a.s. L-1 (Stalin et al.
2008). All these studies show that deltamethrin is highly toxic, with 96h LC50s for �sh and other aquatic

organisms being < 10 mg a.s. L-1 (Amin and Hashem 2012; Ceyhun et al. 2010). The differential modes of
action and lipophilic properties of the two pesticides likely explain for the difference in toxicity to guppy.
Deltamethrin is highly lipophilic compared to paraquat dichloride, which facilitates a high absorption by
the gills of �sh even at very low concentrations in the water (Amin and Hashem 2012; Oliveira et al.
2018).

This study showed overall and signi�cant paraquat dichloride-deltamethrin antagonistic deviations from
the CA and IA models, without signi�cant dose-level dependent deviations. Antagonism occurs when
pesticides interfere with each other’s effect (Hernández et al. 2013). The results is a reduction in the effect
predicted from the toxicity of the individual compounds which do not need to be structurally similar
(Zelinger 2011). Although no previous studies were found on the effects of mixtures of paraquat
dichloride and deltamethrin on the survival of guppy for a more direct discussion, antagonistic effects of
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pesticide mixtures are not rare. Previous studies showed a signi�cant antagonistic effect of the binary
mixtures of deltamethrin and organophosphates for different organisms (Singh et al. 2020; Toumi et al.
2018). 

There is little evidence of paraquat dichloride and deltamethrin interactions in the literature. Thus, it is
unlikely that a paraquat dichloride-deltamethrin complex may be formed which is less biologically active
in the guppies than paraquat dichloride or deltamethrin alone. Two possible mechanisms may
contribute to or cause the observed antagonism. First, antagonism may be due to one chemical
stimulating the metabolism of the second one or somehow interfering with its absorption. Fishes are
known to react to chemical stressors by up-regulating numerous detoxifying enzymes such as
cytochrome P450, phase II conjugation enzymes and anti-oxidative enzymes (Ayanda et al. 2015). It was
shown that the transcriptional levels of cytochrome P450, export pump gene MDR1 (multi-drug resistance
gene), and erythromycin-N-demethylase activity were generally up-regulated by paraquat exposure (Ma et
al. 2018). On the other hand, cytochrome P450 played an important role in deltamethrin detoxi�cation
(Elzaki et al. 2018). These �ndings indicate that these genes or enzymes are potentially involved in the
detoxi�cation of not only paraquat dichloride but also deltamethrin in the guppy
consequently contributing to antagonism of their mixture.

Moreover, it has been postulated that NAD(P)H-dependent diaphorases are responsible for the in vivo
reduction of paraquat to the paraquat mono cation-free radical, which is then rapidly re-oxidized
(returning to its original form) in the presence of O2 with subsequent generation of superoxide anion
radicals and other reactive oxygen species that are responsible for paraquat toxicity (Dinis-Oliveira et al.
2008). On the other hand, the silencing or inhibition of quinone oxidoreductase, a NAD(P)H-independent
�avoenzyme, signi�cantly attenuates paraquat toxicity in vitro and strongly antagonizes paraquat-
induced systemic toxicity and animal mortality (Janda et al. 2013). It is plausible to speculate that the
antagonistic interaction found in the present study is probably also due to the inhibition of quinone
oxidoreductase by deltamethrin. However, there is is no information whether guppies have quinone
oxidoreductase, while the presence of this enzyme was con�rmed for zebra�sh, puffer �sh and ray-�nned
�sh (Vasiliou et al. 2006).

Second, a number of researchers found that reactive oxygen species can participate in various
physiological processes, including the induction of autophagy that is considered to be an effective
defence mechanism against cellular stress (Scherz-Shouval and Elazar 2011). Autophagy enhacement
was neuroprotective against deltamethrin-induced apoptotic cell death (Park et al. 2017). Since paraquat
dichloride induces apoptosis and autophagy (Park et al. 2013), it is suggested that paraquat dichloride
protects against deltamethrin-induced apoptosis by enhancing autophagy. However, all of these
suggestions need to be further clari�ed.

As the population is exposed to multiple pesticides (either simultaneously or sequentially) through the
diet and the environment, the impact of pesticide mixtures on animal health represents a challenge for
risk assessment. An added di�culty is that the number and composition of potential pesticide mixtures is
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often unknown and changes over time, and the precise mechanism of toxicity of many pesticides is still
unknown (Hernández et al. 2017).

This study showed that deltamethrin is much more toxic for guppies than paraquat dichloride. Mixture
toxicity of these pesticides showed overall and signi�cant paraquat dichloride-deltamethrin antagonistic
deviations from both the concentration addition (CA) and the independent action (IA) models, without
signi�cant dose-level dependent deviations. Where the antagonistic deviation from CA could be due to the
fact that the chemicals have a different mode of action, antagonism against the IA model suggests that
other interactions are involved that lead to a reduced toxicity of these pesticides when present as a
mixture.
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Tables
Table 1. Dose-response curve parameters for the effect of paraquat and deltamethrin on the survival of
Poecilia reticulata after 72 h exposure. Shown are the Max and slope (β) with SE and the LCx values with
95% con�dence intervals derived by �tting a logistic dose-response model to the data (see Figure 1).

Table 2. Dose-response curve parameters for the effect of paraquat and deltamethrin and their mixture on
the survival of Poecilia reticulata after 72 h exposure. Effect parameters are based on toxic units (TUs)
of the pesticides, which are derived by dividing exposure concentrations by the respective LC50s of the
individual pesticides. Shown are the Max and slope (β) with SE and the LCx  values with 95% con�dence
intervals derived by �tting a logistic dose-response model to the data (see Figure 2).
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Tabel 3. Effect of a binary mixture of paraquat dichloride and deltamethrin on the survival of Poecilia
reticulata exposed for 72 h. Values are calculated based on the concentration addition model (CA) and
the independent action model (IA) extended with deviation parameter a showing synergism/antagonism
(S/A) and an additional deviation parameter b for dose level-dependent deviations (DL). The p(χ2) values
indicate the signi�cance of the additional deviation parameters. Values printed in bold indicate the best
model �t and were used for drawing conclusion on the toxicity of mixture.

Figures
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Figure 1

Effects of single paraquat dichloride and deltamethrin on the survival of Poecilia reticulata after 72 h
exposure. Lines show the �t to the data of a logistic dose-response model. See Table 1 for the LC10 and
LC50 values calculated from the dose-response curves.
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Figure 2

Dose-response relationships for the effects of paraquat dichloride, deltamethrin, and their mixture on the
survival of Poecilia reticulata after 72 h exposure. Concentrations are expressed as Toxic units, by
dividing the exposure concentration of each chemical by its LC50 for effects on guppy survival. Lines
show the �t to the data of a logistic dose-response model. See Table 2 for the LC10 and LC50 values
calculated from the dose-response curves.
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