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Abstract: Neonicotinoid pesticides are one of the most commercialized groups worldwide. Their
application in agriculture aims to control pests through a systemic mode of action which is not
specific to target species. Our study aimed to evaluate the effects of the insecticide Actara® [active
ingredient thiamethoxam (TMX)] on a non-target species, Girardia tigrina. Therefore, acute and
sublethal endpoints, such as mortality, feeding activity, locomotion and behavioral biomarkers were
assessed. Actara® exerted low toxicity towards the planarian Girardia tigrina, showing a 96 h LCsg
value of 77.6 mg TMX-L~! (95% C.I: 74.1-81.2 mg TMX-L~!; R? = 0.85). At the sublethal level, Actara®
exerted no effect on regeneration of photoreceptors and auricles of planarians after 24 and 48 h post-
exposure (NOEC > 7.8 mg TMX-L™!). The feeding rate of planarians was significantly increased
by Actara®, but only at the highest tested concentration (LOEC = 7.8 mg TMX-L™!). Planarians
showed to be less sensitive to the active ingredient TMX compared to other freshwater species. This
might be explained by the presence of a high proportion of sub-types of acetylcholine receptors
in planarians, exhibiting low binding affinity sites for TMX, an acetylcholine partial agonist. The
comparison between effects induced by Actara® with the ones caused by other formulations, in
planarians, might support our understanding of how other unknown ingredients can modify the
uptake, and bioavailability of such substances, as well as the detoxification capacity of planarians, all
of which influences toxicity.

Keywords: thiamethoxam; pesticide; commercial formulations; nicotinic receptors; tolerance

1. Introduction

As the world population grows, there is a constant need to improve food production,
which has led, over the past 70 years, to the massive use of pesticides in agricultural
practices. Neonicotinoids are one of the most used class of pesticides, designed to act
systemically; however, non-specific to target organisms [1,2]. This means that both pest
species and other beneficial organisms suffer from exposure to neonicotinoid pesticides [3].
Neonicotinoids act in the central nervous system of insects as agonists of acetylcholine,
binding to the « subunits of the pentameric acetylcholine receptors (nAChRs) that are also
composed by “non-«” subunits, causing nerve stimulation, receptor blockade, paralysis,
and death [4,5]. The arrangement of the different pentameric structures presents five
transmembrane domains with a central cation channel [4-6].

The physico-chemical characteristics of neonicotinoids, such as a low octanol-water
partition coefficient (Ko : —0.13) and high-water solubility (4100 mg-L~!) [7,8], guarantees
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an efficient distribution of the compound through different plant tissues (stem, roots,
flowers, leaves), regardless of the route of entry of the active ingredient or the mode of
application of the formulation [9]. However, although neonicotinoid insecticides have
been found to have little effect on a large proportion of species [10], they have been widely
associated with population declines of pollinators [11]. The impact of neonicotinoids
on wild bees has changed application trends, including the ban of three neonicotinoids
(imidacloprid, clothianidin, and thiamethoxam) in the European Union (EU) [12-14], and
more recently the ban of thiacloprid [15]. Despite their wide distribution in plants, most of
the applied neonicotinoid (up to 95%) is not taken up by the plants, and distributes largely
through the different environmental compartments, including adjacent water bodies [16,17].

Thiamethoxam Actara® 250WG (TMX), is still widely adopted in several countries,
being used mainly as a water-dispersed granulated formulation for foliar surfaces, soil or
seed treatments [18]. A major drawback to its use is based on the persistence of the residues
(after application) and the consequent transport between environmental matrices, affecting
soil and aquatic organisms in nearby environmental compartments. Previous research
reported the effects of TMX, either pure or within a commercial formulation, on the survival
of organisms. It has been demonstrated that the (eco)toxicological effect concentrations
of TMX ranges from 0.1 to 225 pg-L~! [19], being 32 pg-L~! for Chironomus xanthus and
86.41 pg-L~1! for Chironomus riparius [20,21]. For planarians exposed to Cruiser® formu-
lation, a median lethal concentration of ~400 mg TMX-L~! suggests that planarians are
less sensitive to TMX when compared to other non-target invertebrate species [22]. Our
hypothesis is that planarians possess higher levels of detoxifying processes, which confers
their tolerance to TMX when mixed with lipophilic solvents which are present in some
formulations. However, this may not be the case when a formulation of TMX is based
on salts and dissolved in water. In this context, the present work aims to test the effects
of Actara® formulation (salt prepared with water) on planarians and to compare it with
previous studies performed with Cruiser® in planarians and other aquatic organisms.

Understanding the effects of two different formulations on the same species and by
comparing it with other organisms will help to determine the suitability of each pesticide
product with the same mode of action before their release into the environment. Planarians
are free-living flatworms of the class Turbellaria (Phylum Platyhelminthes) and were
used as model organisms because they have proven to be a suitable model species, with
wide environmental distribution. In this study, we evaluatedsurvival, regeneration, and
behavioral biomarkers (locomotion and feeding rate) on Girardia tigrina after exposure
to Actara®.

2. Materials and Methods
2.1. Organisms

The planarians (Girardia tigrina) were obtained from the University of Sao Paulo (Sao
Paulo-Brazil), and maintained in cultures in the Laboratory of Applied and Functional
Ecology of the Federal University of Tocantins, Campus Gurupi (Tocantins-Brazil). The
planarians were kept in ASTM-American Society for Testing and Materials [23] culture
medium with constant aeration, at 22 + 1 °C in the dark, and fed twice a week with bovine
liver (ad libitum). Medium renewal was performed twice a week, five hours after feeding.
All organisms used for the (eco)toxicological evaluation were free from any lesion and
actively reactive to light exposure.

2.2. Reagents

The commercial formulation Actara® 250 WG (Syngenta, Basel, Switzerland), hereafter
Actara, 25% purity [250 g/kg active ingredient (a.i) thiamethoxam (TMX) 3-(2-chloro-1,3-
thiazol-5-ylmethyl)-5-methyl-1,3,5-oxadiazinan-4-ylidene(nitro)amine +750 g/kg other
unspecified ingredients] was used to perform the ecotoxicological assays in this study.

All testing concentrations of Actara were accomplished by diluting a stock solution of
200 mg TMX-L~! to the final test-concentration in ASTM medium.
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2.3. Acute Toxicity Test

To assess the mortality of planarians, organisms with a length of 0.8 cm (£0.1 cm)
were selected and kept in static exposure without feeding for 96 h. The experiment was
conducted in glass Petri dishes ((J = 90 mm) using a total of 250 organisms (with five
organisms per plate and five replicates per treatment). The experimental treatments of
Actara were 44; 50; 56.5; 63.8; 72; 81.5; 92; 104; 117.5, and 132.8 mg TMX-L1, prepared
by dilution of the stock solution in ASTM medium. The organisms were evaluated after a
24; 48 and 96 h exposure period, and those that did not show detectable movements after
slight stimulation were considered dead and removed from the test solution.

2.4. Evaluation of Sublethal Endpoints and Regeneration

To assess the post exposure effects of Actara on regeneration, feeding rate, and loco-
motor velocity of G. tigrina, organisms were exposed to sublethal concentrations of Actara
for 8 days in the dark and without food supply, according to the method described previ-
ously by Dornelas et al. [24]. The concentrations of exposure were calculated based on the
LCs obtained from the acute exposure and were 2.3; 3.4; 5.2 and 7.8 mg TMX-L™! (plus a
negative control of ASTM medium). Three replicates were performed for each treatment,
including the control, each containing 12 organisms. After the 8 days of static exposure,
organisms were transferred to a clean medium and randomly allocated for the evaluation
of effects on their regeneration, feeding and locomotion.

2.4.1. Post-Exposure Regeneration

The effects of Actara on planarian regeneration were assessed 8 days after selection
and decapitation with a single cut behind the auricles, using a sterilized scalpel blade. After
decapitation, each G. tigrina was placed in a Petri dish (J = 90 mm) with 20 mL of ASTM
medium. Every 12 h following decapitation, the organisms were checked individually
on a stereomicroscope to verify the formation of photoreceptors and auricles until their
formation was complete. At 24 h and 48 h post-decapitation, the length (in mm) of the
blastemal was also measured.

2.4.2. Post-Exposure Feeding Rate

The post-exposure feeding rate of planarians was assessed by providing each organism
25 live C. xanthus larvae (Diptera 6 days old, 2° instar) in Petri dishes with 20 mL of ASTM
medium during a 3 h period using a total of 12 flatworms per treatment. The feeding rate
was calculated using the number of C. xanthus larvae ingested per planarian per hour.

2.4.3. Post-Exposure Locomotor Velocity

The locomotion velocity (nLMV) of G. tigrina was evaluated post-exposure to Actara
for 8 days. Twelve planarians per concentration were placed individually in a 75 cm
diameter aluminum vessel containing a sheet of foil with grid lines (0.1 cm apart) at the
bottom and ASTM medium in an amount that would aid the organism’s locomotion. The
organisms were placed in the center of the vessel and each crossed and recrossed line was
counted and the pLMV was determined at the end of 3 min of evaluation.

2.5. Statistical Analyses

The 96 h LCs of the commercial formulation of TMX for G. tigrina was estimated
by dose-response analysis (survival curve), using a four-parameter logistic curve. The
effects of exposure on G. tigrina behavioral biomarker parameters were determined using a
one-way analysis of variance (one-way ANOVA) followed by Dunnett’s post-hoc test to
identify significant differences between control and treatments. Before ANOVA, normality
and homogeneity of variance of sublethal data were assessed by D’ Agostino & Pearson and
Shapiro-Wilk tests. Data on the effects on the formation of photoreceptors and auricles did
not meet the variance requirement, and the nonparametric analysis test (Kruskal-Wallis
test) was performed followed by Dunn’s post hoc test for multiple comparisons. Data on
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the effects of TMX on locomotion were transformed to Y = Rank (Y). Statistical analyses
were performed using GraphPad Prism software version 7.0 for Windows (GraphPad
Software, La Jolla, CA, USA).

3. Results

The estimated 96 h LCso- of Actara for Girardia tigrina was 77.6 mg TMX-L~! (95% CI:
74.2-81.2 mg TMX-L~!; R? = 0.85). There was no mortality of organisms in the control
treatment and a gradual increase up to 100 % occurred with increasing concentrations.

The blastemal regeneration of planarians exposed to Actara was not significantly
changed when compared to the control treatment after 24 (F 455 = 3.27, p = 0.018), and
48 (F 455 = 1.49, p = 0.218) h (Figure 1a,b, respectively). Moreover, the regeneration of the
photoreceptors (H = 9.3, df = 5, p = 0. 05; NOEC > 7.8 mg TMX-L~!) and auricles (H = 7.52,
df =5, p = 0.1), was not affected on planarians exposed to Actara (Figure 1c,d, respectively).
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Figure 1. Post-exposure size of blastema (mm) after 24 h (a) and 48 h (b), as well as time to regener-
ation of photoreceptors (c), and auricles (d) of G. tigrina decapitated after exposure to 2.3; 3.4; 5.2,
and 7.8 mg TMX-L~! of Actara for 8 days and a control (ASTM hard water only). Values represent
mean + SEM (standard error of the mean), n = 12.

The feeding rate of planarians was significantly reduced (~42%) after exposure to
Actara (F 455 = 3.21, p = 0.019), exhibiting an LOEC of 7.8 mg TMX-L™! (Figure 2).

The locomotor velocity of planarians was not significantly altered (F 449 = 1.778,
p =0.145) on planarians exposed to Actara when compared to the control treatment
(Figure 3).
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Figure 2. Post-exposure feeding rate of G. tigrina after 8 days of pre-exposure to 2.3; 3.4; 5.2, and
7.8 mg TMX-L~! of Actara and a control (ASTM hard water only). The feeding rate is expressed as the
number of larvae of chironomids consumed per planarian per hour. Values represent mean + SEM
(standard error of the mean), n = 12. * Represents a significant difference compared to the control
treatment when p < 0.05.
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Figure 3. Post-exposure locomotor velocity of G. tigrina after 8 days of pre-exposure to 2.3; 3.4; 5.2 and
7.8 mg TMX-L~1 of Actara and a control (ASTM hard water only). Locomotor velocity is expressed
as the number of gridlines crossed and recrossed per min. Values represent mean + SEM (standard
error of the mean), n = 12.

4. Discussion

The sensitivity of G. tigrina to the neonicotinoid commercial formulation Actara®
250 WG based on TMX was examined using lethal and sub-lethal endpoints. Based
on the estimated LCsp of Actara for planarians, we could observe a higher tolerance
of G. tigrina to Actara when compared to other target and non-target species. Specifi-
cally, planarians were more tolerant to Actara than Diptera [25], Coleoptera [26], Lep-
doptera [27], Hymenoptera [28], Homoptera [29], and Hemiptera [30], but not more tol-
erant than the coleopteran species Callosobruchus maculates [31], Adalia bipunctata, and
Coccinella undecimpunctata [30]. Interestingly, studies with Cruiser formulation or pure TMX
active ingredient always showed lower LCs values, overall lower than 100 pug-L~! [20,21,32],
compared to the values we found in this study, which are in the mg-L~! range. The de-
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creased sensitivity exhibited by planarians to Actara adds relevant information to what we
already know about the effects of neonicotinoids and some formulations using the active
ingredient TMX. It is believed that the interactions that occur due to different binding
affinities to the subunits of the nicotinic acetylcholine receptors (nAChRs) are the most
important factor for the specific effects caused to the survival and behavior of the organ-
isms [3,16,17,22]. Recent studies [16,17] using Chironomus xanthus portrayed this effect well,
where two neonicotinoids with distinct active ingredients (imidacloprid and clothianidin)
showed opposing multigenerational and reproductive effects due to the different binding
affinities to the different alpha (x) subunits of the nAChRs. The super agonist clothianidin
that binds to a1-«3 and also «6-7 did not allow the increased tolerance to the formula-
tion on F1 generation, whereas the partial agonist imidacloprid that binds only to o1-«3
subunits did not affect the F1 generation [16]. Concomitantly, the LCsq for imidacloprid
was higher than the one for clothianidin [17]. This could also mean that in the case of
planarians, the nAChRs subunits do not bind with high affinity to the TMX present in
Actara formulation, since a much higher LCsy was observed for planarians compared to
previous results obtained with the larvae of some insects. Specifically, the proportion of
a6-a7 subunits seems to be higher than for «1-«3. Moreover, in this study, Actara failed
to induce significant effects on all parameters evaluated post-exposure, except for the
feeding rate.

Overall, the (eco)toxicological effects of TMX and other neonicotinoids shows varia-
tions between species, which may be related to the binding affinities of the active ingredient
to some sub-units of the pentameric nAChRs structures, thereby conditioning the animal’s
response to each specific neonicotinoid [33].

Considering that the environmental concentrations of TMX (0.1 to 1607 ng~L’1) [1]
are far below the effect concentrations found in our study for G. tigrina, we cannot attribute
ecological relevance to our findings. However, the results herein presented revealed
that Actara is more toxic to planarians than Cruiser, which is based on the same active
ingredient [22]. Meanwhile, a different level of toxicity towards G. tigrina was also found for
Cruiser® 350 FS (another formulation containing TMX), where a 48 h LCsq of 478.6 mg-L~!
of TMX was exhibited. Thus, we believe that the difference in toxicity between the two
formulations of the same active ingredient might be due to the other chemical ingredients
present in each formulation. As previously mentioned, this is contrasting with studies
concerning the median lethal concentrations observed for insect species exposed to Actara
when compared to other formulations, or the pure active ingredient, TMX.

Although the primary focus of ecotoxicological studies with pesticides is the effect of
the active ingredient of the formulation, the role of the un-specified ingredients in exerting
toxicity on organisms is still poorly elucidated. The distinct physical, chemical, and toxi-
cological properties of the ‘other ingredients’ vary for each type of formulation [34], and
the lack of information made available by manufacturers on identity and concentration is
limiting with regard to attaining a more detailed study regarding the harmful effects of
such products in the environment [35]. Substances considered as ‘other ingredients” may
be more toxic than the active ingredient itself [36-39], and may also uniquely increase the
toxicity of insecticides, such as neonicotinoids [40]. Individual studies of active ingredients
in formulations show that this toxicity potentiation promoted by other ingredients is both
effective and dangerous [41]. As demonstrated in the work of Mesnage et al. [42], different
formulations of herbicides based on glyphosate induced 100-fold different cytotoxicity in
human embryonic cell lines. Glyphosate is highly marketed for weed control in large crop
varieties, yet it has negligible individual toxicity without the other ingredients (such as
tallow amines and other adjuvants) [34]. By comparing an isolated (pure) active ingredient
to its commercial formulation, it is possible to have a better understanding of the difference
in damage caused, as demonstrated by the work of Jemec et al. [43], which compared the
toxicity of the pure neonicotinoid imidacloprid with a commercial formulation (Confidor®)
in Daphnia magna. More pronounced effects were found for the commercial product, possi-
bly due to a synergistic potentiation of effects that occurs between the other ingredients and
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the active ingredient in the formulation. While we can state that the effects observed in this
study may be related to the other ingredients of Actara formulation compared to Cruiser, it
is not yet possible to characterize and quantify these differences in the composition of both
formulations, since data to support our results is only sustained by the lethal effects (LCsp).

Nevertheless, it might be possible that the bioavailability of Actara is greater than
Cruiser, considering their hydrophilic and lipophilic nature, respectively. Actara (salt
formulation dissolved in water) might be more easily absorbed through the bulk flow
of water by planarians than Cruiser components. Moreover, the detoxification processes
performed by organisms could be dissimilar between exposures to active ingredient and
commercial formulations, therefore inducing dissimilar toxicological effects.

The bioavailability hypothesis could be also corroborated by evidence from insects
presenting an exoskeleton which seems to be more tolerant to Actara [25-31,44,45] than
to Cruiser [20] or pure TMX [21,46-54]. Thus, further studies determining the effects of
different insecticide formulations to non-target species could be helpful to explore the ability
of different species to cope with the formulation ingredients as a whole and how absorption
changes according to the nature of those formulations or the tegument of the species.

5. Conclusions

Planarians seem to be more tolerant to thiamethoxam present in the commercial for-
mulation of Actara than some other non-target organisms. Despite that, a significant effect
was observed for the post-exposure feeding rate of planarians. In contrast, our results show
that the formulation Actara is more toxic to planarians than other formulations previously
tested (Cruiser). Thus, it will be important to investigate the detoxification capacities
not only in planarians exposed to the different formulations of one active ingredient and
its pure form, as well as to perform tests with other non-target species. This will help
the pesticide industry to develop more environmental friendly formulations without the
reduction of their efficacy to target pest species.
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