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Abstract 

 

Spinosad and indoxacarb are two relatively new insecticides mainly used in 

agriculture to control insect pests. However, at their current application rates, non-

target aquatic insect species may also be impacted. In this study, larvae of the non-

biting midge Chironomus riparius were exposed in the laboratory to both insecticides 

and their effects evaluated at the organismal level, using standard ecotoxicological 

tests, and at the biochemical level, by monitoring specific oxidative stress, neuronal, 

and energy metabolism biomarkers. Chronic exposure to both insecticides 

compromised growth and emergence of C. riparius. Short-term exposures revealed 

alterations at a biochemical level that might be related to the toxicological targets of 

both insecticides. Growth and development time were the most sensitive endpoints at 

individual level for both pesticides, while at the biochemical level, the electron 

transport system activity was the most sensitive biomarker for spinosad exposure, 

suggesting an increase in energy demands associated with the activation of defense 

mechanisms, and Glutathione-S-transferase was the most sensitive biomarker for 

indoxacarb exposure, underlining the role of this enzyme in the detoxification of 

indoxacarb. Additionally, changes in lactate dehydrogenase and glutathione 

peroxidase activities were observed for both insecticides, and evidences of oxidative 

damage were found for spinosad. This study contributes to the growing knowledge on 

sublethal effects of novel insecticides on non-target aquatic invertebrates and 

strengthens the usefulness of biochemical biomarkers to support the interpretation of 

their potentially deleterious effects on aquatic insects near agricultural fields.  
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1. Introduction 

 

One of the goals in integrated pest management is to find tailor-made and 

effective pesticides for specific pests while keeping adverse consequences on non-

target species to a minimum (Chitgar and Ghadamyari, 2012; Stara et al., 2010; 

Wilkinson et al., 1979). Some non-target aquatic insects play vital roles in freshwater 

ecosystems, and are regularly subjected to significant concentrations of pesticides 

through runoff, drift, or leaching from adjacent agricultural fields (Cerejeira et al., 

2003; Schulz, 2004). Ecotoxicological effects of pesticide exposure seen on higher 

levels of organization are often preceded by quantifiable alterations at biochemical 

levels and assessing earlier sub-organismal endpoints on key species may provide 

insights on the long-term consequences for natural populations (Lemos et al., 2010), 

hopefully providing regulators with early-warning tools for risk assessment. 

Spinosad and indoxacarb are neurotoxic insecticides with distinct modes of 

action registered for agricultural use in Europe (European Commission, 2006a; 2008a). 

However, the toxicity data for these relatively novel insecticides on aquatic 

invertebrates is still very limited, considering that according to regulation (EC) No 

1272/2008 (European Commission, 2008b) they are both classified as very toxic to 

aquatic life with long lasting effects. 

  Spinosad targets a unique site in nicotinic acetylcholine receptors (Copping 

and Menn, 2000; Orr et al., 2009), causing hyperexcitation of the nervous system 
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(Salgado, 1998; Salgado et al., 1998; Salgado and Sparks, 2005). It is very effective 

against several insect species (Hertlein et al., 2010), including chironomids (Bond et al., 

2004; Lawler and Dritz, 2013; Pérez et al., 2007; Stevens et al., 2005). Recently, the 

European Food Safety Authority predicted an environmental concentration of 26.28 g 

L-1 on surface waters resulting from the applications on leafy and fruity vegetables 

(worst case scenario) (EFSA et al., 2018a). Moreover, spinosad sorbs to the sediment 

where it seems to be more persistent (Cleveland et al., 2002), and where many 

sediment-dwelling organisms, including chironomid larvae, may be affected. 

Indoxacarb acts by blocking voltage-dependent sodium channels, causing 

nervous system shutdown (Lapied et al., 2001; Wing et al., 1998; Wing et al., 2000). It 

is effective against several insect species (Anikwe et al., 2014; Dryden et al., 2013; 

Oxborough et al., 2015; Pridgeon et al., 2009), but particularly to lepidopterans (Dias, 

2006; Wing et al., 1998; Wing et al., 2000). In 2003, indoxacarb estimated 

environmental long-term average concentrations in surface waters was of 3.7 g L-1, 

with peak values of 13.7 g L-1 (EPA, 2003). More recently, levels up to 7.763 g L-1 

resulting from indoxacarb’s application in lettuce crops were predicted for surface 

waters (EFSA et al., 2018b). Additionally, Indoxacarb also has a relatively high log Kow 

of 4.65 (Dias, 2006) suggesting it has a high tendency to sorb to sediments. 

The freshwater midge Chironomus riparius Meigen (Diptera: Chironomidae) is a 

widely used model organism in ecotoxicology testing (Weltje et al., 2010) mainly due 

to its ecological relevance and easiness to handle in the laboratory. Additionally, C. 

riparius larvae have been previously used as a model to evaluate biochemical 

responses of insecticide exposure (Rodrigues et al., 2015a; Rodrigues et al., 2015b). 

The main aim of this study was to investigate organismal and biochemical 
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effects of two neurotoxic insecticides on the aquatic invertebrate C. riparius. For that, 

environmentally relevant concentrations of spinosad and indoxacarb were used to 

investigate sub-lethal effects in terms of larval growth, development, and emergence 

using standard ecotoxicological tests. Moreover, the effects of these insecticides at the 

biochemical level were determined to evaluate their possible relation to the effects 

observed at the organismal level and their potential use in biomonitoring studies. 

Biochemical biomarkers associated with key physiological functions were 

selected, such as: activity of the antioxidant enzymes superoxide dismutase (SOD), 

catalase (CAT), glutathione peroxidase (GPx), and glutathione reductase (GR), essential 

in the protection against reactive oxygen species (ROS) induced by the exposure to 

xenobiotics; DNA damage and lipid peroxidation (LPO), as indicators of oxidative 

damage, resulting from excessive ROS; activity of glutathione-S-transferase (GST), a 

phase II biotransformation enzyme, involved in the detoxification of xenobiotics; 

acetylcholinesterase (AChE) activity, related to the cholinergic neurotransmission, as a 

biomarker of neuromuscular toxicity; the activities of lactate dehydrogenase (LDH) and 

electron transport system (ETS) were assessed as measures of energy metabolism. 

 

2. Material and Methods 

 

2.1 Test organism 

 

Chironomus riparius larvae were collected from a laboratory culture long 

established at the University of Aveiro, Portugal. Larvae are kept in plastic aquaria 

filled with a fine layer of washed and burnt river sand (<1 mm) and American Society 
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for Testing Materials (ASTM) hard water. Cultures were maintained at 20 °C with a 

photoperiod of 16:8 h light-dark, with a constant inflow of air. Larvae are fed ad 

libitum with macerated fish food, Tetramin® (Melle, Germany). 

 

2.2 Test chemicals 

 

Spinosad (CAS number 168316-95-8), a mixture of spinosyns A and D (Crouse et 

al., 2001), two byproducts of the fermentation of Saccharopolyspora spinosa 

(Actinomycetales: Pseudonocardiaceae) (Mertz and Yao, 1990; Thompson et al., 2000), 

and Indoxacarb (CAS number 144171-61-9), an oxadiazine insecticide, were acquired 

from Sigma-Aldrich, UK. Stock solutions of the pesticides were prepared in ethanol 

(spinosad) and acetone (indoxacarb). Experimental solutions were prepared by diluting 

the stock solutions in ASTM hard water, and the final solvent concentration was kept 

at 0.01%. 

 

2.3 Acute toxicity tests 

 

Acute lethal toxicity was assessed following OECD guideline 235 (OECD, 2011) 

with water only exposures in crystalizing dishes, using 1st instar larvae. Larvae were 

exposed to concentrations of spinosad of 0 (solvent control), 1, 2, 4, 8, 16, 32, 64, 128, 

and 256 g L-1 and to 0, 0.5, 1, 2, 4, 8, 16, 32, 64, and 128 g L-1 of indoxacarb. After 48 

h of exposure, mortality was checked by mechanical stimulation. To halt possible 

photodegradation of the chemicals, crystalizing dishes were protected from the light 
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during the test. The test was executed at 20 ± 1 °C, and larvae were not fed during the 

exposure. 

 

2.4 Chronic toxicity tests 

 

 A 28-day chronic test was performed according to the OECD guideline 219 

(OECD, 2004). First instar larvae of C. riparius (2 days old) were exposed to 0 (negative 

and solvent control), 0.5, 1.28, 3.2, 8, and 20 g L-1 of spinosad in 150 mL of medium 

and layer of 1.5 cm of sediment (commercial river sand washed, sieved and burnt) in 

200 mL glass vessels. A similar setup was made for indoxacarb, using 0, 1, 2, 4, and 8 

g L-1 treatments. Five larvae were used in each replicate, and five replicates were 

used for larval growth determination, while eight replicates were used for emergence 

endpoints. After ten days of exposure larvae growth was determined by measuring 

body length of the larvae with the aid of a stereomicroscope fitted with a calibrated 

micrometer and growth was calculated by subtracting the mean body length at the 

beginning (pool of 25 larvae of initial size). In the eight remaining replicates, adult C. 

riparius were collected daily, their gender determined and stored in 70% ethanol. 

Afterwards, adult midges were dried at 50 °C for 24 h and weighed with a 

microbalance (Mettler UMT2).  

The tests were performed under the same conditions described for culturing: 

20 ± 1 °C with 16:8h light:dark cycle with gentle aeration. Organisms were fed every 

two days at a ration of 0.5 mg Tetramin® larvae.1 day-1, and physicochemical 

parameters were checked throughout the experiment.  
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2.5 Biomarkers 

 

For the determination of the biochemical biomarkers, the tests were initiated 

with 8 days old larvae (3rd instar). The concentrations used in these bioassays were 0, 

0.5, 2, and 8 g L-1 for spinosad and 0, 2, 4, and 8 g L-1 for indoxacarb. Each 

crystalizing dish contained ten larvae and 80 mL of experimental solution and a fine 

layer of sediment. After 48 h, organisms from two replicates of the same treatment 

were pooled to give a total of twenty organisms per replicate. Six pooled replicates 

were used per treatment for spinosad, and seven pooled replicates for indoxacarb. 

Afterwards, excess water was gently removed with a filter paper, and organisms 

weighed, frozen with liquid nitrogen, and stored at -80 °C until further processing.  

Samples were subsequently homogenized in 800 µL of 0.1 M of K-phosphate 

buffer (pH = 7.4) using a Ystral d-79282 homogenizer. This homogenate was divided 

into portions for ETS, LPO, and DNA damage determination. To LPO portion, 4% 2,6-Di-

tert-butyl-4-methylphenol (BHT) in methanol was added to prevent subsequent lipid 

oxidation of the samples (Aloıśio Torres et al., 2002). These three portions were 

immediately stored at -80 °C until used. The remaining homogenate was centrifuged at 

10000 g for 20 min at 4 °C and the supernatant (post-mitochondrial supernatant) was 

collected and divided into portions for SOD, CAT, GST, GR, GPX, AChE, and LDH 

activities determination and for protein quantification. In every essay, reaction blanks 

were performed using K-phosphate buffer instead of the sample and all 

spectrophotometric measurements were made at 25°C using a Synergy H1 Hybrid 

Multi-Mode microplate reader (BioTek® Instruments, Vermont, USA). 
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2.5.1 Protein quantification 

 

Protein concentration was assessed following the Bradford protocol adapted to 

microplate, using γ-globuline as standard. Prior to AChE, CAT, GR, GPx, GST, and LDH 

activities determination, protein concentration was adjusted to approximately 0.8 mg 

L-1. For these biomarkers, the exact protein concentration of the dilution was 

measured again at the end of the experiment. 

 

2.5.2 Detoxification, oxidative stress and oxidative damage biomarkers 

 

SOD activity was determined by following the method described by McCord 

and Fridovich (1969) adapted to microplate. Cytochrome c reduction was followed for 

5 min at 550 nm, and results are expressed as SOD units (U) mg−1 protein. The 

determination of CAT activity was made according to Clairborne (1985). The 

consumption of H2O2 was assessed at 240 nm for 1 min, and results are expressed in 

mol min−1 mg−1 of protein. For the assessment of GR activity, the method described 

by Cribb et al. (1989) was used. The oxidation of NADPH was monitored at 340 nm 

during 1 min, and results are expressed in nmol min−1 mg−1 of protein. Regarding GPx 

activity, it was determined by monitoring the oxidation of NADPH at 340 nm for 3 min, 

as a result of GR conversion of GSSG to GSH (Mohandas et al., 1984). Results are 

expressed in nmol min−1 mg−1 of protein. An adaption of Habig et al. (1974) protocol to 

microplate was used to determine GST activity. The formation of glutathione 

dinitrobenzene was measured at 340 nm during 3 min, and results are expressed in 

nmol min−1 mg−1 of protein. LPO levels were measured using thiobarbituric acid 
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reactive substances (TBARS) assay (Bird and Draper, 1984; Ohkawa et al., 1979). 

Absorbance was read at 535nm and results are expressed in nmol TBARS g-1 of wet 

weight. DNA damage was assessed following the protocols described by de Lafontaine 

et al. (2000) and Olive (1988). Fluorescence was measured using an 

excitation/emission wavelength of 360/460 nm, and results are expressed as ng of 

damaged DNA mg-1 of wet weight. 

 

2.5.3 Neurotransmission and energy related biomarkers 

 

Effects of spinosad and indoxacarb on cholinergic neurotransmission were evaluated 

monitoring AChE activity, following Ellman’s method (Ellman et al., 1961) adapted to 

microplate (Guilhermino et al., 1996). The absorbance was read at 414 nm for 5 

minutes, and results are expressed in nmol min−1 mg−1 of protein. To determine the 

activity of anaerobic metabolism-related enzyme LDH, oxidation of NADH was 

monitored at 340 nm as proposed by Vassault (1983) and Diamantino et al. (2001). 

Results are expressed in nmol min−1 mg−1 of protein. ETS activity was determined 

following De Coen and Janssen (1997) with some adaptations (Rodrigues et al., 2015b). 

Absorbance was read at 490 nm for 5 minutes, and results are expressed mJ h-1 mg of 

protein-1. 

 

2.6 Statistical analysis 

 

Effects of insecticide exposure on life history and biochemical endpoints were 

evaluated by one-way analysis of variance (ANOVA) followed by a Dunnett's post hoc 
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test to determine statistically significant differences between solvent controls and 

treatments, and/or by a test for linear trend to discriminate if there is a linear increase 

or decrease in response as the concentration increases. Data were checked for residual 

normality using D'Agostino-Pearson and Shapiro-Wilk normality tests and for 

homoscedasticity with Brown-Forsythe test. Unpaired t-tests did not find differences 

between negative and solvent controls for any of the endpoints analysed, therefore 

solvent control was used as the control for all analysis. Spinonad’s DNA damage data 

were log-transformed to correct for normality. For spinosad LPO data and for 

indoxacarb percentage of emergence data, transformations did not correct for 

normality, but since homogeneity of variances was verified, one-way ANOVA was 

executed. Since all larvae in the spinosad chronic test exposed to 20 g L-1 died, this 

treatment was excluded from analysis. Statistical analysis was made in GraphPad 

Prism® 7 for Mac and significance level was set at 0.05. 

 

3. Results  

 

3.1 Spinosad 

 

For spinosad, in the highest concentration tested, there was 40% mortality 

after 48 h of exposure (Supplementary data, table I). Because of the gradients of 

concentrations used for spinosad, the 48 h LC50 could not be estimated and thus is 

higher than 256 g L-1. Concerning the chronic bioassay, at day 10 no larvae were alive 

at the highest concentration tested (20 g L-1) while 92% of the larvae were recovered 

from the control. Additionally, at day 10 of exposure, statically significant differences 
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were found for growth between control and the 8 g L-1 treatment (F (4,20) = 7.640, p < 

0.001) (Table I). Regarding emergence parameters, there was a significant increase in 

time to emergence at 8 g L-1 for both males (F (4,27) = 3.831, p < 0.05) and females (F 

(4,26) = 3.606, p < 0.05) (Table I). No adults have emerged in the 20 g L-1 treatment, and 

although overall ANOVA was not significant for the remaining treatments (F (4,34) = 

2.295, p = 0.079), Dunnett’s test discriminated differences between control and 8 g L-

1 treatments in terms of percentage of emerged adults. No effects were found on adult 

weight (NOEC = 8 g L-1) (Table II). 

To what concerns biochemical biomarkers, exposure to spinosad significantly 

increased GPx activity in C. riparius larvae in the highest concentration (F(3,20) = 7.601, p 

< 0.01; Fig. 2b), and LDH activity in the 2 g L-1 treatment (F(3,19) = 8.357, p = 0.001; Fig. 

1d). There was also a significant increase in LPO at the two highest concentrations 

tested (F(3,20) = 4.87, p < 0.05; Fig. 1a) and, although not significant, DNA damage also 

increased in the same treatments (F(3,20) = 2.651, p = 0.077, Fig 1b). ETS activity was the 

most sensitive biomarker, with a significant increase observed for all tested 

concentration (F(3,20) = 31.76, p < 0.001; LOEC = 0.5 g L-1, Fig 1e). Moreover, this 

increase was concentration-dependent (r2 = 0.83, p < 0.001). No significant alterations 

were detected for AChE, CAT, GR, GST, and SOD activities (Figures 1-2). 

 

2.2 Indoxacarb 

 

In acute tests and for the highest concentration of indoxacarb tested, there was 

47% mortality after 48 h of exposure (Supplementary data, table I). The 48 h LC50 of 

indoxacarb was estimated to be higher than 128 g L-1. Chronic exposure to 
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indoxacarb led to a decrease in larval growth in the highest concentration tested (8 g 

L-1; F(4,19) = 4.746, p < 0.01) (Table III). Moreover, indoxacarb exposure led to a delay in 

emergence of males (F (4,32) = 11.96, p < 0.001) and females (F(4,33) = 6.031, p < 0.001). 

No effects were observed for the percentage of emerged adults (Table III) nor for adult 

weight (NOEC = 8 g L-1) (Table IV). 

Regarding biochemical biomarkers, GPx activity increased in the highest 

concentration tested (F(3,24) = 5.055, p < 0.01; Fig. 4b). Exposure to indoxacarb 

significantly increased LDH activity in the highest concentration tested (F(3,23) = 3.331, p 

< 0.05; Fig. 3d), and this increase was dose-dependant (r2 = 0.30, p < 0.01; Fig. 3d). GST 

activity increased from concentration 4 g L-1 onwards (F(3,24) = 4.81, p < 0.01; Fig. 3c). 

For SOD activity, although ANOVA was significant, the post hoc test did not find any 

significant differences between the control and the experimental treatments (F(3,24) = 

4.21, p < 0.05; Fig. 4d). No significant alterations were detected for the remaining 

biomarkers studied. 

 

4. Discussion 

 

Spinosad and Indoxacarb are neurotoxic insecticides highly effective in 

controlling insect pests which were initially deemed as relatively safe for non-target 

species (Bacci et al., 2016; Boucher and Ashley, 1999; Jones et al., 2005; Lahm et al., 

2000; Liu and Zhang, 2012; Sarfraz et al., 2005). Although there is no recent literature 

available on measured levels of both chemicals in natural freshwater environments, 

the concentrations used in this study are within the estimated environmental levels, 
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and clearly impaired C. riparius life-history traits with alterations at the biochemical 

level also observed.  

 Chronic exposures to indoxacarb and spinosad produced comparable 

outcomes in terms of C. riparius life history traits: growth reduction observed after 10 

days of exposure at 8 g L-1 of spinosad and at 8 g L-1 of indoxacarb translated into a 

delay in development of both males and females, but interestingly, did not result in a 

reduction of imagoes weight. This suggests that C. riparius larvae were capable of 

recovering and reaching the desired weight, at the expense of longer development 

time. This trade-off is not unusual as body weight is associated with the reproductive 

output of chironomids (Sibley et al., 2001) - nonetheless, a delay in development time 

is still an important ecological driver as it can have direct consequences on synchrony 

of emergence and mating success, thus affecting population dynamics (Sibley et al., 

1997). This is particularly relevant on protandrous species such as C. riparius. Still, a full 

life-cycle test contemplating reproductive endpoints such as fecundity and fertility 

could provide a better estimate of population-level effects and should be considered in 

future studies. The main dissimilarity observed between the effects of the two 

compounds at the organismal level, was that spinosad exposure also affected C. 

riparius survival: there was a reduction in the number of emerged adults at 8 g L-1, 

and at 20 g L-1 no imagoes have emerged. Previous data indicated a NOEC (no 

observed effect concentration) of 0.62 g L-1 for C. riparius (EFSA et al., 2018a), 

however, in the present study a NOEC of 3.2 g L-1 and a LOEC (lowest observed effect 

concentration) of 8 g L-1 for larval growth and emergence were observed under 

exposure to spinosad. Information on the chronic risk to aquatic organisms, including 

sediment dwellers is lacking (EFSA et al., 2018a). Regarding other dipterans, a spinosad 
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concentration of 17 g L-1 has been demonstrated to decrease the emergence of 

Polypedilum nubifer (Duchet et al., 2015). Concentrations ranging from 3.7 to 45 g L-1 

seem to affect Culex pipiens emergence (Hertlein et al., 2010), while at 60 g L-1 Cetin 

et al. (2005) reported a complete inhibition of Culex pipiens adult emergence. Tomé et 

al. (2014) determined that exposure to spinosad compromises swimming behavior of 

Aedes aegypti. Behavioral changes have been demonstrated for many neurotoxic 

compounds and can lead to a reduction in food intake (Pestana et al., 2009; 2010; 

Tomé et al., 2014; Werner and Moran, 2009), which, although not addressed, might 

have also occurred here with C. riparius and contributed to the reduced growth and 

developmental rates. Considering other aquatic invertebrates, impairment of 

population growth rate by spinosad was described for Daphnia pulex and Daphnia 

magna at 8 g L-1 (Duchet et al., 2010) and for Ceriodaphnia dubia at 1 g L-1 

(Deardorff and Stark, 2011). 

Regarding the long-term effects of indoxacarb on chironomids, the information 

available is very limited. Still, a 28-day EC10 of 1.68 g L-1 (endpoint not specified) and 

a 28-day NOEC (development rate) of 1.8 g L-1 (active substance) were previously 

determined for C. riparius (EFSA et al., 2018b). In the present study, a NOEC of 4 g L-1 

was observed for development and emergence endpoints. Ding et al. (2011) 

investigated the effects of pesticide-contaminated sediments on C. dilutus, and the 

authors concluded that indoxacarb was amongst the most toxic sediment-associated 

pesticides to C. dilutus they tested (10-day LC50 of 11.3 g goc
-1; growth NOEC of 3.2 g 

goc
-1). Available information shows that commercial formulations of indoxacarb affect 

life history traits of some insect pest species (Gamil et al., 2011; Martin et al., 2006; 

Saryazdi et al., 2012), however present results clearly show that life history of non-

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

- 16 - 
 

 - 16 - 

target aquatic insects may also be altered. 

Although the biomarkers exposure experiment does not reflect the entire 

exposure duration of the chronic toxicity test, short exposures to low concentrations 

of both insecticides tested induced several biochemical changes in C. riparius larvae. As 

expected, due to their distinct modes of action, different responses were observed at 

the biochemical level.  

GPx, CAT, and SOD are first-line defense antioxidant enzymes against reactive 

oxygen species. SOD catalyzes the conversion of superoxide anions to hydrogen 

peroxide (H2O2), which is subsequently detoxified by CAT and GPx (Ighodaro and 

Akinloye, 2007). The increase in GPx activity induced by spinosad exposure may have 

occurred to prevent the accumulation of H2O2 due to increased oxygen metabolism. 

GPx has a higher affinity for H2O2 than CAT (Lushchak, 2012), which may explain why 

GPx activity increased while catalase activity remained unchanged. The increase in GPx 

activity was, however, insufficient to prevent oxidative damage, as indicated by the 

increase of LPO levels and the perceptible increase of DNA damage. The concomitant 

increase in LPO and GPx has been previously observed in the kidney of Oreochromis 

niloticus (Piner and Uner, 2014) and in mammalian cell lines (Pérez-Pertejo et al., 2008) 

exposed to the same insecticide. Increased LPO levels are indicative of cellular 

damage, which may have contributed to the effects observed at the organism level. 

Spinosad also led to the increase in ETS activity, an indicator of cellular oxygen 

metabolism, and LDH activity, involved in the anaerobic pathway of energy production, 

indicating high levels of energy consumption and high metabolic demand (Rodrigues et 

al., 2015a; Silva et al., 2016). This increase in energy demand may be associated with 

the activation of antioxidant mechanisms, as implicit by the increase of GPx and/or 
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other defense mechanisms that were not addressed here. Moreover, an increase in 

metabolic costs due to the induction of defense mechanisms may also, in part, explain 

observed reductions in growth and development, since less energy will be available for 

other physiological processes.  

Spinosad’s inhibitory effects on AChE activity have been reported for other 

insect species (El-Mageed and Elgohary, 2006; Maiza et al., 2013; Rabea et al., 2010; 

Tine et al., 2015), and as a nicotinic acetylcholine receptor modulator, some alterations 

in AChE activity were anticipated. However, the 48h exposure to the tested 

concentrations did not induce changes in AChE activity of C. riparius larvae. Azevedo-

Pereira et al. (2011) work with C. riparius larvae has also revealed that a 48h exposure 

to imidacloprid, an insecticide that also targets nicotinic acetylcholine receptors, did 

not induce alterations in AChE activity. The authors indicated that inhibitory effects of 

imidacloprid on AChE were only detected after 96h of exposure and in the post-

exposure period, and yet behavioral changes were linked to AChE activity (Azevedo-

Pereira et al., 2011). Given the information available in the literature, it is possible that 

48h exposure to spinosad was not enough to impair AChE activity. Follow-up tests 

should be performed with prolonged exposure periods, to evaluate the possible extent 

of spinosad toxic effect on C. riparius AChE. Nonetheless, this short-exposure triggered 

alterations on other biochemical biomarkers, indicating that secondary mechanisms 

might also be accountable for spinosad’s toxicity to C. riparius, such as the interference 

with gamma-aminobutyric acid receptors or others (Salgado and Sparks, 2005). 

Regarding the effects of indoxacarb at the biochemical level, GST was the most 

sensitive endpoint. GST, an enzyme involved in biotransformation and detoxification 

(Clark, 1989), has been categorized as an ineffective biomarker of pesticide exposure in 
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C. riparius (Hirthe et al., 2001), and some works endorse this assumption due to its 

disparate responses to different pesticides (Planelló et al., 2013). Regardless, in this 

study, an increase in GST activity as a result of indoxacarb exposure was observed in C. 

riparius larvae. An identical response to indoxacarb was observed in Blattella 

germanica and Spodoptera littoralis larvae (Gamil et al., 2011; Maiza et al., 2013). 

Additionally, Nehare et al. (2010) and Pang et al. (2012) postulated that the 

detoxification by GST might play a relevant role in indoxacarb resistance. GPx activity 

also increased in larvae exposed to indoxacarb. Since there were no changes in 

oxidative damage indicators (LPO and DNA damage), it is suggested that GPx activity 

and detoxification by GST contributed to preventing oxidative damage in a short-term 

exposure. As opposed to spinosad, only the anaerobic metabolism (LDH) was induced 

by indoxacarb in C. riparius larvae, since no changes were detected in ETS activity. This 

induction of LDH may occur due to higher and more readily available energy demands 

for the activation of GPx and GST, and again this might have contributed to the effects 

observed at the individual level (reduction in larval growth and increase in time to 

emergence). 

 

This study elucidates some biochemical responses to spinosad and indoxacarb 

exposure that may be associated with the effects observed at the organismal level. The 

induction of defense mechanisms and higher energy expenditures are most likely 

direct responses of C. riparius larvae to cope with the exposure, while oxidative 

damage may be a direct consequence of spinosad’s mechanism of action and may 

have contributed to the slightly more severe effects observed. Although not specific 

for insecticide exposure, biochemical biomarkers addressed in the present study may 
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be valuable early-warning tools in biomonitoring studies, since changes were observed 

in short exposures and at lower concentrations than the ones causing effects at the 

organismal level. ETS was the most sensitive biochemical biomarker for spinosad, as it 

was responsive to 0.5 g L-1, while for indoxacarb GST was the most sensitive 

biomarker (LOEC of 4 g L-1), underlining the role of GST in the detoxification of 

indoxacarb. 

Our findings revealed that under controlled laboratory conditions, spinosad is 

slightly more toxic to C. riparius than indoxacarb since, besides the reduction of larval 

growth and the increase in time to emergence, a reduction in emergence rate was also 

observed. Chironomids larvae play a vital role in freshwater ecosystems due to their 

abundance and food chain position (Péry et al., 2002), and therefore the application of 

spinosad and indoxacarb near freshwater systems at current rates should be 

monitored and reviewed, since the concentrations used in this work and that elicited 

clear deleterious effects are within the estimated environmental levels. Moreover, 

through their emergence, chironomids represent an important food source for riparian 

predators, and therefore changes in the emergence of aquatic insects can also have 

implications for the terrestrial food webs (Schulz et al., 2015). 
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Figure captions 

 
Table I – Growth (n = 5) and emergence endpoints (n = 8) of C. riparius larvae exposed to Spinosad. All 

values are presented as mean ± SEM. An asterisk denotes statistically significant differences to the 

control treatment (0 g L
-1

; p < 0.05, ANOVA, Dunnett's test). A number sign denotes statistically 

significant differences to the control treatment (0 g L
-1

; Dunnett's test) when overall ANOVA is not 

significant (p = 0.079). 

Spinosad 

Concentrations (g L
-1

) Growth (mm) Total emergents (%) Development time (days) 

   Males Females 

0 12.3 ± 0.2 80.0 ± 7.6 15.3 ± 0.4 16.8 ± 0.4 
0.5 11.6 ± 0.3 65.0 ± 9.1 15.2 ± 0.3 17.1 ± 0.4 

1.28 11.7 ± 0.3 65.0 ± 7.3 15.3 ± 0.3 17.2 ± 0.3 
3.2 10.9 ± 0.5 72.5 ± 8.4 15.0 ± 0.3 17.9 ± 0.6 

8  8.8 ± 0.9* 45.0 ± 9.8
#
 17.1 ± 0.7* 19.9 ± 1.1* 

20 N.C. N.C. N.C. N.C. 

N.C. – not calculated due to 100% mortality 

Table II – Adult weight of C. riparius exposed as larvae to Spinosad. All values are presented as mean ± 

SEM, n = 8.  

Spinosad Concentrations 

 (g L
-1

) 
Males dry weight 

(mg) 
Females dry weight 

(mg) 

0 0.542 ± 0.012 1.084 ± 0.037 
0.5 0.540 ± 0.013  1.084 ± 0.019 

1.28 0.568 ± 0.017 1.063 ± 0.036 
3.2 0.524 ± 0.014 1.035 ± 0.033 

8 0.521 ± 0.027 1.118 ± 0.091 

20 N.C. N.C. 

N.C. – not calculated due to 100% mortality 
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Figure 1 – Oxidative damage, biotransformation, energetic metabolism and neuronal biomarkers in C. 

riparius larvae after 48h exposure to spinosad: a) Lipid Peroxidation; b) DNA Damage; c) Glutathione-S-

Transferase; d) Lactate Dehydrogenase; e) Electron Transport System; f) Acetylcholinesterase. All values 

are presented as mean + SEM, n = 7. An asterisk denotes statistically significant differences to the 

control treatment (0 g L
-1

; p < 0.05, ANOVA, Dunnett's test). 
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Figure 2 – Oxidative stress biomarkers in C. riparius larvae after 48h exposure to spinosad: a) Catalase; 

b) Glutathione Peroxidase; c) Glutathione Reductase; d) Superoxide Dismutase. All values are presented 

as mean + SEM, n = 7. An asterisk denotes statistically significant differences to the control treatment (0 

g L
-1

; p < 0.05, ANOVA, Dunnett's test). 

 

 

 

Table III – Growth (n = 5) and emergence endpoints (n = 8) of C. riparius larvae exposed to Indoxacarb. 

All values are presented as mean ± SEM. An asterisk denotes statistically significant differences to the 

control treatment (0 g L
-1

; p < 0.05, ANOVA, Dunnett's test). 

Indoxacarb 

Concentrations (g L
-1

) Growth (mm) Total emergents (%) Development time (days) 

   Males Females 

0 11.7 ± 0.3 90.0 ± 5.4 17.0 ± 0.3 18.4 ± 0.6 
1 11.3 ± 0.1 90.0 ± 3.8 16.0 ± 0.3 19.5 ± 0.5 

2 11.6 ± 0.6 85.0 ± 6.3 16.2 ± 0.3 18.5 ± 0.4 
4 10.9 ± 0.3 82.5 ± 7.0 17.4 ± 0.4 19.9 ± 0.6 

8  9.9 ± 0.4* 95.0 ± 3.2 19.0 ± 0.4* 22.1 ± 0.9* 
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Table IV – Adult weight of C. riparius exposed as larvae to Indoxacarb. All values are presented as mean 

± SEM, n = 8.  

Indoxacarb 
Concentrations 

 (g L
-1

) 
Males dry weight 

(mg) 
Females dry weight 

(mg) 

0 0.478 ± 0.012 0.943 ± 0.049 
1 0.502 ± 0.014  0.998 ± 0.030 

2 0.461 ± 0.018 0.981 ± 0.051 
4 0.503 ± 0.022 0. 999 ± 0.039 

8 0.469 ± 0.012 0.954 ± 0.049 

 

 

 
Figure 3 – Oxidative damage, biotransformation, energetic metabolism and neuronal biomarkers in C. 

riparius larvae after 48h exposure to indoxacarb: a) Lipid Peroxidation; b) DNA Damage; c) Glutathione-

S-Transferase; d) Lactate Dehydrogenase; e) Electron Transport System; f) Acetylcholinesterase. All 

values are presented as mean + SEM, n = 7. An asterisk denotes statistically significant differences to the 

control treatment (0 g L
-1

; p < 0.05, ANOVA, Dunnett's test). 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

- 24 - 
 

 - 24 - 

 

Figure 4 – Oxidative stress biomarkers in C. riparius larvae after 48h exposure to indoxacarb: a) Catalase; 

b) Glutathione Peroxidase; c) Glutathione Reductase; d) Superoxide Dismutase. All values are presented 

as mean ± SEM, n = 7. An asterisk denotes statistically significant differences to the control treatment (0 

g L
-1

; p < 0.05, ANOVA, Dunnett's test). 
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Aloıśio Torres, M., Pires Testa, C., Gáspari, C., Beatriz Masutti, M., Maria Neves Panitz, C., Curi-Pedrosa, 

R., Alves de Almeida, E., Di Mascio, P., Wilhelm Filho, D., 2002. Oxidative stress in the mussel 
Mytella guyanensis from polluted mangroves on Santa Catarina Island, Brazil. Marine Pollution 
Bulletin 44, 923–932. doi:10.1016/S0025-326X(02)00142-X 

Anikwe, J.C., Adetoro, F.A., Anogwih, J.A., Makanjuola, W.A., Kemabonta, K.A., Akinwande, K.L., 2014. 
Laboratory and field evaluation of an indoxacarb gel bait against two cockroach species 
(Dictyoptera: Blattellidae, Blattidae) in Lagos, Nigeria. J. Econ. Entomol. 107, 1639–1642. 
doi:10.1603/EC13457 

Azevedo-Pereira, H.M.V.S., Lemos, M.F.L., Soares, A.M.V.M., 2011. Effects of imidacloprid exposure on 
Chironomus riparius Meigen larvae Linking acetylcholinesterase activity to behaviour. Ecotoxicology 
and Environmental Safety 74, 1210–1215. doi:10.1016/j.ecoenv.2011.03.018 

Bacci, L., Lupi, D., Savoldelli, S., Rossaro, B., 2016. A review of Spinosyns, a derivative of biological acting 
substances as a class of insecticides with a broad range of action against many insect pests. Journal 
of Entomological and Acarological Research 48, 40–52. doi:10.4081/jear.2016.5653 

Bird, R.P., Draper, H.H., 1984. Comparative studies on different methods of malonaldehyde 
determination. Methods in Enzimology 105, 299-305. doi:10.1016/s0076-6879(84)05038-2 

Bond, J.G., Marina, C.F., Williams, T., 2004. The naturally derived insecticide spinosad is highly toxic to 
Aedes and Anopheles mosquito larvae. Med. Vet. Entomol. 18, 50–56. doi:10.1111/j.0269-
283X.2004.0480.x 

Boucher, J., Ashley, R., 1999. Effect of spinosad on bell peppers pests and beneficial arthropods, 1998. 
Arthropod Management Tests 24, E56. doi:10.1093/amt/24.1.E56 

Cerejeira, M.J., Viana, P., Batista, S., Pereira, T., Silva, E., Valério, M.J., Silva, A., Ferreira, M., Silva-
Fernandes, A.M., 2003. Pesticides in Portuguese surface and ground waters. Water Research 37, 
1055–1063. doi:10.1016/S0043-1354(01)00462-6 

Cetin, H., Yanikoglu, A., Cilek, J.E., 2005. Evaluation of the naturally-derived insecticide spinosad against 
Culex pipiens L. (Diptera: Culicidae) larvae in septic tank water in Antalya, Turkey. J. Vector Ecol. 30, 
151–154 

Chitgar, M.G., Ghadamyari, M., 2012. Effects of Amitraz on the Parasitoid Encarsia formosa (Gahan) 
(Hymenoptera:Aphelinidae) for Control of Trialeurodes vaporariorum Westwood (Homoptera: 
Aleyrodidae): IOBC Methods. J. Entomol. Res. Soc 14(2), 61–69 

Clairborne, A., 1985. Catalase activity. In: Greenwald, R.A.E. (Ed.), Handbook of Methods for Oxygen 
Radical Research. CRC Press, Boca Raton, USA, pp. 283–284 

Clark, A.G., 1989. The comparative enzymology of the glutathione S-transferases from non-vertebrate 
organisms. Comp. Biochem. Physiol., B 92, 419–446. doi:10.1016/0305-0491(89)90114-4 

Cleveland, C.B., Bormett, G.A., Saunders, D.G., Powers, F.L., McGibbon, A.S., Reeves, G.L., Rutherford, L., 
Balcer, J.L., 2002. Environmental fate of spinosad. 1. Dissipation and degradation in aqueous 
systems. J. Agric. Food Chem. 50, 3244–3256. doi:10.1021/jf011663i 

Copping, L.G., Menn, J.J., 2000. Biopesticides: a review of their action, applications and efficacy. Pest. 
Manag. Sci. 56, 651–676. doi:10.1002/1526-4998(200008)56:8<651::AID-PS201>3.0.CO;2-U 

Crane, M., Sildanchandra, W., Kheir, R., Callaghan, A., 2002. Relationship between biomarker activity 
and developmental endpoints in Chironomus riparius Meigen exposed to an organophosphate 
insecticide. Ecotoxicology and Environmental Safety 53, 361–369. doi:10.1016/s0147-
6513(02)00038-6 

Cribb, A.E., Leeder, J.S., Spielberg, S.P., 1989. Use of a microplate reader in an assay of glutathione 
reductase using 5,5′-dithiobis(2-nitrobenzoic acid). Analytical Biochemistry 183, 195–196. 
doi:10.1016/0003-2697(89)90188-7 

Crouse, G.D., Sparks, T.C., Schoonover, J., Gifford, J., Dripps, J., Bruce, T., Larson, L.L., Garlich, J., Hatton, 
C., Hill, R.L., Worden, T.V., Martynow, J.G., 2001. Recent advances in the chemistry of spinosyns. 
Pest. Manag. Sci. 57, 177–185. doi:10.1002/1526-4998(200102)57:2<177::AID-PS281>3.0.CO;2-Z 

De Coen, W.M., Janssen, C.R., 1997. The use of biomarkers in Daphnia magna toxicity testing. IV. Cellular 
Energy Allocation: a new methodology to assess the energy budget of toxicant-stressed Daphnia 
populations. Journal of Aquatic Ecosystem Stress and Recovery 6, 43–55. 
doi:10.1023/A:1008228517955 

de Lafontaine, Y., Gagné, F., Blaise, C., Costan, G., Gagnon, P., Chan, H.M., 2000. Biomarkers in zebra 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

- 26 - 
 

 - 26 - 

mussels (Dreissena polymorpha) for the assessment and monitoring of water quality of the St 
Lawrence River (Canada). Aquatic Toxicology 50, 51–71. doi:10.1016/S0166-445X(99)00094-6 

Deardorff, A., Stark, J., 2011. Population-level toxicity of the insecticide, spinosad and the nonylphenol 
polyethoxylate, R-11, to the cladoceran species Ceriodaphnia dubia Richard. Journal of 
Environmental Science and Health, Part B 46, 336–340. doi:10.1080/03601234.2011.559891 

Diamantino, T.C., Almeida, E., Soares, A.M., Guilhermino, L., 2001. Lactate dehydrogenase activity as an 
effect criterion in toxicity tests with Daphnia magna straus. Chemosphere 45, 553–560. 
doi:10.1016/S0045-6535(01)00029-7 

Dias, J.L., 2006. Environmental fate of indoxacarb. California Department of Pesticide Regulation 
Ding, Y., Weston, D.P., You, J., Rothert, A.K., Lydy, M.J., 2011. Toxicity of sediment-associated pesticides 

to Chironomus dilutus and Hyalella azteca. Archives of Environmental Contamination and 
Toxicology 61, 83–92. doi:10.1007/s00244-010-9614-2 

Dryden, M.W., Payne, P.A., Smith, V., Heaney, K., Sun, F., 2013. Efficacy of indoxacarb applied to cats 
against the adult cat flea, Ctenocephalides felis, flea eggs and adult flea emergence. Parasites & 
Vectors 6, 126. doi:10.1186/1756-3305-6-126 

Duchet, C., Coutellec, M.-A., Franquet, E., Lagneau, C., Lagadic, L., 2010. Population-level effects of 
spinosad and Bacillus thuringiensisisraelensis in Daphnia pulex and Daphnia magna: comparison of 
laboratory and field microcosm exposure conditions. Ecotoxicology 19, 1224–1237. 
doi:10.1007/s10646-010-0507-y 

Duchet, C., Franquet, E., Lagadic, L., Lagneau, C., 2015. Effects of Bacillus thuringiensis israelensis and 
spinosad on adult emergence of the non-biting midges Polypedilum nubifer (Skuse) and Tanytarsus 
curticornis Kieffer (Diptera: Chironomidae) in coastal wetlands. Ecotoxicology and Environmental 
Safety 115, 272–278. doi:10.1016/j.ecoenv.2015.02.029 

EFSA, Arena, M., Auteri, D., Barmaz, S., Brancato, A., Brocca, D., Bura, L., Carrasco Cabrera, L., Chiusolo, 
A., Court Marques, D., Crivellente, F., De Lentdecker, C., Egsmose, M., Fait, G., Ferreira, L., 
Goumenou, M., Greco, L., Ippolito, A., Istace, F., Jarrah, S., Kardassi, D., Leuschner, R., Lythgo, C., 
Magrans, J.O., Medina, P., Miron, I., Molnar, T., Nougadere, A., Padovani, L., Parra Morte, J.M., 
Pedersen, R., Reich, H., Sacchi, A., Santos, M., Serafimova, R., Sharp, R., Stanek, A., Streissl, F., 
Sturma, J., Szentes, C., Tarazona, J., Terron, A., Theobald, A., Vagenende, B., Villamar Bouza, L., 
2018a. Peer review of the pesticide risk assessment of the active substance spinosad. EFSA Journal 
16(5), 5252. doi:10.2903/j.efsa.2018.5252 

EFSA, Arena M, Auteri D, Barmaz S, Bellisai G, Brancato A, Brocca D, Bura L, Byers H, Chiusolo A, Court 
Marques D, Crivellente F, De Lentdecker C, Egsmose M, Erdos Z, Fait G, Ferreira L, Goumenou M, 
Greco L, Ippolito A, Istace F, Jarrah S, Kardassi D, Leuschner R, Lythgo C, Magrans JO, Medina P, 
Miron I, Molnar T, Nougadere A, Padovani L, Parra Morte JM, Pedersen R, Reich H, Sacchi A, 
Santos M, Serafimova R, Sharp R, Stanek A, Streissl F, Sturma J, Szentes C, Tarazona J, Terron A, 
Theobald A, Vagenende B, Verani A and Villamar‐Bouza L, 2018b. Conclusion on the peer review of 
the pesticide risk assessment of the active substance indoxacarb. EFSA Journal 16(1),5140. 
doi:10.2903/j.efsa.2018.5140 

El-Mageed, A., Elgohary, L., 2006. Impact of Spinosad on Some Enzymatic Activities of the Cotton 
Leafworm. Pak. J. Biol. Sci. doi: 10.3923/pjbs.2006.713.716 

Ellman, G.L., Courtney, K.D., Andres, V., Featherstone, R.M., 1961. A new and rapid colorimetric 
determination of acetylcholinesterase activity. Biochem. Pharmacol. 7, 88–95. doi:10.1016/0006-
2952(61)90145-9 

EPA, 2003. Indoxacarb; time-limited pesticide tolerance. Federal Register 68, 25824–25831 
European Commission, 2006a. Commission Directive 2006/10/EC. Official Journal of the European 

Union. 
European Commission, 2006b. Spinosad. SANCO/1428/2001 – Review report for the active substance 

spinosad 
European Commission, 2008a. Commission Regulation (Ec) No 404/2008. Official Journal of the 

European Union 
European Commission, 2008b. Commission Regulation (EC) No 889/2008. Official Journal of the 

European Communities 1–84 
Gamil, W.E., Mariy, F.M., Youssef, L.A., Abdel Halim, S.M., 2011. Effect of Indoxacarb on some biological 

and biochemical aspects of Spodoptera littoralis (Boisd.) larvae. Annals of Agricultural Sciences 56, 
121–126. doi:10.1016/j.aoas.2011.07.005 

Guilhermino, L., Lopes, M.C., Carvalho, A.P., Soares, A.M.V.M., 1996. Acetylcholinesterase Activity in 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

- 27 - 
 

 - 27 - 

Juveniles of Daphnia magna Straus. Bulletin of Environmental Contamination and Toxicology 57, 
979–985. doi:10.1007/s001289900286 

Habig, W.H., Pabst, M.J., Jakoby, W.B., 1974. Glutathione S-transferases. The first enzymatic step in 
mercapturic acid formation. Journal of Biological Chemistry 249, 7130–7139. 

Hertlein, M.B., Mavrotas, C., Jousseaume, C., Lysandrou, M., Thompson, G.D., Jany, W., Ritchie, S.A., 
2010. A Review of Spinosad as a Natural Product for Larval Mosquito Control. Journal of the 
American Mosquito Control Association 26, 67–87. doi:10.2987/09-5936.1 

Hirthe, G., Fisher, T.C., Crane, M., Callaghan, A., 2001. Short-term exposure to sub-lethal doses of 
lindane affects developmental parameters in Chironomus riparius Meigen, but has no effect on 
larval glutathione-S-transferase activity. Chemosphere 44, 583–589. doi:10.1016/s0045-
6535(00)00471-9. 

Ighodaro, O.M., Akinloye, O.A., 2017. First line defence antioxidants-superoxide dismutase (SOD), 
catalase (CAT) and glutathione peroxidase (GPX): Their fundamental role in the entire antioxidant 
defence grid. Alexandria Journal of Medicine. doi:10.1016/j.ajme.2017.09.001. 

Jones, T., Scott-Dupree, C., Harris, R., Shipp, L., Harris, B., 2005. The efficacy of spinosad against the 
western flower thrips, Frankliniella occidentalis, and its impact on associated biological control 
agents on greenhouse cucumbers in southern Ontario. Pest. Manag. Sci. 61, 179–185. 
doi:10.1002/ps.939 

Lahm, G.P., McCann, S.F., Harrison, C.R., Stevenson, T.M., Shapiro, R., 2000. Evolution of the Sodium 
Channel Blocking Insecticides: The Discovery of Indoxacarb, in: Agrochemical Discovery, Insect, 
Weed, and Fungal Control. American Chemical Society, Washington, DC, pp. 20–34. 
doi:10.1021/bk-2001-0774.ch003 

Lapied, B., Grolleau, F., Sattelle, D.B., 2001. Indoxacarb, an oxadiazine insecticide, blocks insect neuronal 
sodium channels. British Journal of Pharmacology 132, 587–595. doi:10.1038/sj.bjp.0703853 

Lawler, S.P., Dritz, D.A., 2013. Efficacy of Spinosad in Control of Larval Culex tarsalis and Chironomid 
Midges, and Its Nontarget Effects. Journal of the American Mosquito Control Association 29, 352–
357. doi:10.2987/13-6369.1 

Lemos, M.F.L., Soares, A.M.V.M., Correia, A.C., Esteves, A.C., 2010. Proteins in ecotoxicology - how, why 
and why not? Proteomics 10, 873–887. doi:10.1002/pmic.200900470 

Liu, T.-X., Zhang, Y., 2012. Side effects of two reduced-risk insecticides, indoxacarb and spinosad, on two 
species of Trichogramma (Hymenoptera: Trichogrammatidae) on cabbage. Ecotoxicology 21, 2254–
2263. doi:10.1007/s10646-012-0981-5. 

Lushchak, V.I., 2012. Glutathione Homeostasis and Functions: Potential Targets for Medical 
Interventions. Journal of Amino Acids 2012, 1–26. doi:10.1155/2012/736837 

Maiza, A., Aribi, N., Smagghe, G., Kilani-Morakchi, S., Bendjedid, M., Soltani, N., 2013. Sublethal effects 
on reproduction and Biomarkers by Spinosad and Indoxacarb in cockroaches Blattella Germanica. 
Bulletin of Insectology 66 (1). 11–20 

Martin, N.A., Workman, P.J., Hedderley, D., 2006. Susceptibility of Scaptomyza flava (Diptera: 
Drosophilidae) to insecticides. New Zealand Plant Protection 59, 228-234 

McCord, J.M., Fridovich, I., 1969. Superoxide dismutase. An enzymic function for erythrocuprein 
(hemocuprein). Journal of Biological Chemistry 244, 6049–6055 

Mertz, F.P., Yao, R.C., 1990. Saccharopolyspora spinosa sp. nov. isolated from soil collected in a sugar 
mill rum still. International Journal of Systematic Bacteriology 40, 34–39. doi:10.1099/00207713-
40-1-34 

Mohandas, J., Marshall, J.J., Duggin, G.G., Horvath, J.S., Tiller, D.J., 1984. Differential distribution of 
glutathione and glutathione-related enzymes in rabbit kidney Possible implications in analgesic 
nephropathy. Biochem. Pharmacol. 33, 1801–1807. doi:10.1016/0006-2952(84)90353-8. 

Nehare, S., Moharil, M.P., Ghodki, B.S., Lande, G.K., Bisane, K.D., Thakare, A.S., Barkhade, U.P., 2010. 
Biochemical analysis and synergistic suppression of indoxacarb resistance in Plutella xylostella L. 
Journal of Asia-Pacific Entomology 13, 91–95. doi:10.1016/j.aspen.2009.12.002 

OECD, 2004. Test no. 219: sediment–water chironomid toxicity using spiked water. OECD Guidel Test 
Chem. OECD Publishing 

OECD, 2011. Test no. 235: Chironomus sp., acute immobilisation test. OECD Guidel Test Chem. OECD 
Publishing. 

Ohkawa, H., Ohishi, N., Yagi, K., 1979. Assay for lipid peroxides in animal tissues by thiobarbituric acid 
reaction. Analytical Biochemistry 95, 351–358. doi:10.1016/0003-2697(79)90738-3 

Olive, P.L., 1988. DNA precipitation assay: A rapid and simple method for detecting DNA damage in 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

- 28 - 
 

 - 28 - 

mammalian cells. Environmental and Molecular Mutagenesis 11, 487–495. 
doi:10.1002/em.2850110409 

Orr, N., Shaffner, A.J., Richey, K., Crouse, G.D., 2009. Novel mode of action of spinosad: Receptor binding 
studies demonstrating lack of interaction with known insecticidal target sites. Pesticide 
Biochemistry and Physiology 95, 1–5. doi:10.1016/j.pestbp.2009.04.009 

Oxborough, R.M., N'Guessan, R., Kitau, J., Tungu, P.K., Malone, D., Mosha, F.W., Rowland, M.W., 2015. A 
new class of insecticide for malaria vector control: evaluation of mosquito nets treated singly with 
indoxacarb (oxadiazine) or with a pyrethroid mixture against Anopheles gambiae and Culex 
quinquefasciatus. Malar. J. 14. doi:10.1186/s12936-015-0890-1 

Pang, S., You, W., Duan, L., Song, X., Li, X., Wang, C., 2012. Resistance selection and mechanisms of 
oriental tobacco budworm (Helicoverpa assulta Guenee) to indoxacarb. Pesticide Biochemistry and 
Physiology 103, 219–223. doi:10.1016/j.pestbp.2012.05.011 

Paul, A., Harrington, L.C., Scott, J.G., 2006. Evaluation of novel insecticides for control of dengue vector 
Aedes aegypti (Diptera:Culicidae). J Med Entomol 43, 55–60. doi:10.1603/0022-
2585(2006)043[0055:EONIFC]2.0.CO;2 

Pestana, J.L.T., Alexander, A.C., Culp, J.M., Baird, D.J., Cessna, A.J., Soares, A.M.V.M., 2009. Structural 
and functional responses of benthic invertebrates to imidacloprid in outdoor stream mesocosms. 
Environmental Pollution 157, 2328–2334. doi:10.1016/j.envpol.2009.03.027 

Pestana, J.L.T., Loureiro, S., Baird, D.J., Soares, A.M.V.M., 2010. Pesticide exposure and inducible 
antipredator responses in the zooplankton grazer, Daphnia magna Straus. Chemosphere 78, 241–
248. doi:10.1016/j.chemosphere.2009.10.066 

Pérez, C.M., Marina, C.F., Bond, J.G., Rojas, J.C., Valle, J., Williams, T., 2007. Spinosad, a naturally derived 
insecticide, for control of Aedes aegypti (Diptera: Culicidae): efficacy, persistence, and elicited 
oviposition response. J Med Entomol 44, 631–638. doi:10.1603/0022-
2585(2007)44%5B631:SANDIF%5D2.0.CO;2 

Pérez-Pertejo, Y., Reguera, R.M., Ordóñez, D., Balaña-Fouce, R., 2008. Alterations in the glutathione-
redox balance induced by the bio-insecticide Spinosad in CHO-K1 and Vero cells. Ecotoxicology and 
Environmental Safety 70, 251–258. doi:10.1016/j.ecoenv.2007.06.009 

Péry, A.R.R., Mons, R., Flammarion, P., Lagadic, L., Garric, J., 2002. A modeling approach to link food 
availability, growth, emergence, and reproduction for the midge Chironomus riparius. Environ 
Toxicol Chem 21, 2507–2513 

Piner, P., Uner, N., 2014. Organic insecticide spinosad causes in vivo oxidative effects in the brain of 
Oreochromis niloticus. Environ. Toxicol. 29, 253–260. doi:10.1002/tox.21753 

Planelló, R., Servia, M.J., Gómez-Sande, P., Herrero, O., Cobo, F., Morcillo, G., 2013. Transcriptional 
responses, metabolic activity and mouthpart deformities in natural populations of Chironomus 
riparius larvae exposed to environmental pollutants. Environ. Toxicol. 30, 383–395. 
doi:10.1002/tox.21893 

Pridgeon, J.W., Becnel, J.J., Clark, G.G., Linthicum, K.J., 2009. A High-Throughput Screening Method to 
Identify Potential Pesticides for Mosquito Control. J Med Entomol 46, 335–341. 
doi:10.1603/033.046.0219 

Rabea, E.I., Nasr, H.M., Badawy, M.E.I., 2010. Toxic Effect and Biochemical Study of Chlorfluazuron, 
Oxymatrine, and Spinosad on Honey Bees (Apis mellifera). Archives of Environmental 
Contamination and Toxicology 58, 722–732. doi:10.1007/s00244-009-9403-y 

Rodrigues, A.C.M., Gravato, C., Quintaneiro, C., Barata, C., Soares, A.M.V.M., Pestana, J.L.T., 2015a. Sub-
lethal toxicity of environmentally relevant concentrations of esfenvalerate to Chironomus riparius. 
Environmental Pollution 207, 273–279. doi:10.1016/j.envpol.2015.09.035 

Rodrigues, A.C.M., Gravato, C., Quintaneiro, C., Golovko, O., Žlábek, V., Barata, C., Soares, A.M.V.M., 
Pestana, J.L.T., 2015b. Life history and biochemical effects of chlorantraniliprole on Chironomus 
riparius. Sci. Total Environ. 508, 506–513. doi:10.1016/j.scitotenv.2014.12.021 

Salgado, V.L., 1998. Studies on the mode of action of spinosad: insect symptoms and physiological 
correlates. Pesticide Biochemistry and Physiology 60, 91–102. doi:10.1006/pest.1998.2332 

Salgado, V.L., Sheets, J.J., Watson, G.B., 1998. Studies on the mode of action of spinosad: the internal 
effective concentration and the concentration dependence of neural excitation. Pesticide 
Biochemistry and Physiology 60, 103–110. doi:10.1006/pest.1998.2333 

Salgado, V.L., Sparks, T.C., 2005. The Spinosyns: Chemistry, Biochemistry, Mode of Action, and 
Resistance, in: Gilbert, L.I. (Ed.), Comprehensive Molecular Insect Science. Elsevier, Amsterdam, 
Nehterlands, pp. 137–173. doi:10.1016/B0-44-451924-6/00078-8 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

- 29 - 
 

 - 29 - 

Sarfraz, M., Dosdall, L.M., Keddie, B.A., 2005. Spinosad: A Promising Tool for Integrated Pest 
Management. Outlook Pest Man 16, 78–84. doi:10.1564/16apl09 

Saryazdi, A., Ghasem, Hejazi, J., Mir, Saber, M., 2012. Residual toxicity of abamectin, chlorpyrifos, 
cyromazine, indoxacarb and spinosad on Liriomyza trifolii (Burgess) (Diptera: Agromyzidae) in 
greenhouse conditions. Pesticidi i fitomedicina 27, 107–116. doi:10.2298/PIF1202107S 

Schulz, R., 2004. Field studies on exposure, effects, and risk mitigation of aquatic nonpoint-source 
insecticide pollution: A review. J. Environ. Qual. 33, 419–448 

Schulz, R., Bundschuh, M., Gergs, R., Brühl, C.A., Diehl, D., Entling, M.H., Fahse, L., Frör, O., Jungkunst, 
H.F., Lorke, A., Schafer, R.B., Schaumann, G.E., Schwenk, K., 2015. Review on environmental 
alterations propagating from aquatic to terrestrial ecosystems. Science of the Total Environment, 
The 538, 246–261. doi:10.1016/j.scitotenv.2015.08.038 

Sibley, P.K., Benoit, D.A., Ankley, G.T., 1997. The significance of growth in Chironomus tentans sediment 
toxicity tests: relationship to reproduction and demographic endpoints. Environ Toxicol Chem 16, 
336. doi: 10.1002/etc.5620160232 

Sibley, P.K., Ankley, G.T., Benoit, D.A., 2001. Factors affecting reproduction and the importance of adult 
size on reproductive output of the midge Chironomus tentans. Environ Toxicol Chem 20, 1296. doi: 
10.1002/etc.5620200618 

Silva, C.S.E., Novais, S.C., Lemos, M.F.L., Mendes, S., Oliveira, A.P., Gonçalves, E.J., Faria, A.M., 2016. 
Effects of ocean acidification on the swimming ability, development and biochemical responses of 
sand smelt larvae. Sci. Total Environ. 563-564, 89–98. doi:10.1016/j.scitotenv.2016.04.091 

Stara, J., Ourednickova, J., Kocourek, F., 2010. Laboratory evaluation of the side effects of insecticides on 
Aphidius colemani (Hymenoptera: Aphidiidae), Aphidoletes aphidimyza (Diptera: Cecidomyiidae), 
and Neoseiulus cucumeris (Acari: Phytoseidae). J Pest Sci 84, 25–31. doi:10.1007/s10340-010-0322-
5 

Stevens, M.M., Helliwell, S., Hughes, P.A., 2005. Toxicity of Bacillus thuringiensis var. Israelensis 
formulations, spinosad, and selected synthetic insecticides to Chironomus tepperi larvae. Journal of 
the American Mosquito Control Association 21, 446–450. doi:10.2987/8756-
971X(2006)21[446:TOBTVI]2.0.CO;2 

Thompson, G.D., Dutton, R., Sparks, T.C., 2000. Spinosad – a case study: an example from a natural 
products discovery programme. Pest. Manag. Sci. 56, 696–702. doi:10.1002/1526-
4998(200008)56:8<696::AID-PS182>3.0.CO;2-5 

Tine, S., Tine-Djebbar, F., Aribi, N., Boudjelida, H., 2015. Topical Toxicity of Spinosad and Its Impact on 
the Enzymatic Activities and Reproduction in the Cockroach Blatta orientalis (Dictyoptera: 
Blattellidae). African Entomology 23, 387–396. doi:10.4001/003.023.0230 

Tomé, H.V., Pascini, T.V., Dângelo, R.A., Guedes, R.N., Martins, G.F., 2014. Survival and swimming 
behavior of insecticide-exposed larvae and pupae of the yellow fever mosquito Aedes aegypti. 
Parasites & Vectors 7, 195. doi:10.1186/1756-3305-7-195 

Vassault, A., 1983. Lactate dehydrogenase. In: Bergmeyer, H.U., Bergmeyer, J., Graβl, M. (Eds.), Methods 
of Enzymatic Analysis, third ed. vol. III. Verlag Chemie, Weinheim, pp. 118-126. 

Weltje, L., Rufli, H., Heimbach, F., Wheeler, J., Vervliet-Scheebaum, M., Hamer, M., 2010. The 
chironomid acute toxicity test: development of a new test system. Integr Environ Assess Manag 6, 
301–307. doi:10.1897/IEAM_2009-069.1 

Werner, I., Moran, K., 2009. Effects of Pyrethroid Insecticides on Aquatic Organisms, in: Agrochemical 
Discovery, Occurrence and Behavior in Aquatic Environments. American Chemical Society, 
Washington, DC, USA, pp. 310–334. doi:10.1021/bk-2008-0991.ch014 

Wilkinson, J.D., Biever, K.D., Ignoffo, C.M., 1979. Synthetic Pyrethroid and Organophosphate Insecticides 
Against the Parasitoid Apanteles marginiventris and the Predators Geocoris punctipes, Hippodamia 
convergens, and Podisus maculiventris. J. Econ. Entomol. 72, 473–475. doi:10.1093/jee/72.4.473 

Wing, K.D., Sacher, M., Kagaya, Y., Tsurubuchi, Y., Mulderig, L., Connair, M., Schnee, M., 2000. 
Bioactivation and mode of action of the oxadiazine indoxacarb in insects. Crop Protection 19, 537–
545. doi:10.1016/S0261-2194(00)00070-3 

Wing, K.D., Schnee, M.E., Sacher, M., Connair, M., 1998. A Novel Oxadiazine Insecticide Is Bioactivated in 
Lepidopteran Larvae 37, 91–10391. doi:10.1002/(SICI)1520-6327(1998)37:13.0.CO;2-5 

 

  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

- 30 - 
 

 - 30 - 

 
Graphical abstract 

  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

- 31 - 
 

 - 31 - 

 

Highlights 

Responses of C. riparius to spinosad and indoxacarb exposure were investigated. 

 

Exposure to both insecticides compromised C. riparius life-history traits. 

 

Both insecticides induced defense mechanisms and cellular oxygen consumption. 

 

Non-target aquatic insect species may be impacted by spinosad and indoxacarb use. 

ACCEPTED MANUSCRIPT


