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Abstract: DNA damage response (DDR) pathways in keto-enol genotoxicity have not been 

characterized, and few studies have reported genotoxic effects in non-target organisms. The present 

study shows that concentrations of 11.2, 22.4, 37.3 mg/L of Movento® 240SC and 12.3, 24.6, 41.1 

mg/L of Envidor® 240SC for 72 h oral exposure induced DSBs by significantly increasing the 

percentage of γH2AV expression in regions 2b and 3 from the germarium of wildtype females of 

Drosophila melanogaster Oregon R, compared to the control group (0.0 mg/L of insecticides), by 

confocal immunofluorescence microscopy. The comparison between both insecticides’ revels that 

only the Envidor® 240SC induces concentration-dependent DNA damage, as well as structural 

changes in the germarium. We determined that the DDR induced by Movento® 240SC depends on 

the activation of the ATMtefu, Chk1grp and Chk2lok kinases by significantly increasing the percentage 

of expression of γH2AX in regions 2b and 3 of the germarium, and that ATRmei-29D and p53dp53 kinases 

only respond at the highest concentration of 37.3 mg/L of Movento® 240SC. With the Envidor® 

240SC insecticide, we determined that the DDR depends on the activation of the ATRmei-29D/Chk1grp 

and ATMtefu/Chk2lok kinases, and p53dp53 by significantly increasing the percentage of expression of 

γH2AX in the germarium. 

Keywords: keto-enol insecticides; DNA damage response; Drosophila germarium 

 

1. Introduction 

Currently, pesticides are considered ubiquitous pollutants in the environment. Exposure to 

these compounds has been associated with alterations in genetic material and the development of 

various types of cancer [1-3]. Keto-enol insecticides are a new group of agrochemicals derived from 

tetronic and tetramic acids, marketed by Bayer since 2000 in countries such as: Mexico, USA, Brazil, 

Turkey, among others, for the control of a wide spectrum of phytophagous mites, aphids, psyllids, 

mealybugs, whiteflies, and other pests of sucking insects of agricultural crops [4,5]. These contain 

three active ingredients: Spirodiclofen (Envidor® 240SC), Spiromesifen (Oberon® 240SC) and 

Spirotetramat (Movento® 240SC) [4, 6], and present a novel mechanism of action by interfering with 

lipid biosynthesis, acting as acetyl-coenzyme A carboxylase (ACCase) inhibitors [7, 8]. Although 

keto-enol acaricides have selective toxicity against phytophagous mites, exposure to them has been 

associated with various toxic effects on non-target organisms. Spirodiclofen (Envidor® 240SC) is 
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classified as a possible carcinogenic agent by the International Agency for Research on Cancer (IARC, 

2009); it induces uterine adenocarcinoma, Leydig cell hypertrophy, vacuolization, degeneration and 

hyperplasia of interstitial cells in mammalian testes [9, 10]; it produces alterations during the 

embryonic development of zebrafish (Danio rerio) [11], oxidative stress, lipid peroxidation and DNA 

damage in Allium cepa meristems [12]. Spirotetramat, (Movento® 240SC) has been shown to reduce 

the hatching rate of the eggs and induce loss of coordination in swimming African catfish (Clarias 

gariepins) larvae [13]; it significantly increases oxidative stress, lipid peroxidation and changes in the 

mobility of amphibian Bufo bufo gargarinzas larvae [14]; it generates oxidative stress, lipid 

peroxidation and DNA damage in earthworm coelomocytes (Eisenia fetida) [15]; in ovaries, it reduces 

weight, affects oogenesis and the expression of the Fox01 and Vnn1 genes in granulosa cells of female 

BALB/c mice [16]; it inhibits the growth and reproduction rate of Daphnia magna [17]; it decreases the 

oviposition rate of the crustacean Cyclops abyssorum [18]. This insecticide also causes biochemical, 

histopathological, and physiological changes in the ovaries of adult zebrafish (Danio rerio) [19]. In 

zebrafish (Danio rerio) embryos, it exerts teratogenic effects [11], as an endocrine disruptor [20], it 

affects lipid metabolism and causes mitochondrial lesions [21]. We recently reported that the 

Movento® 240SC (Spirotetramat) and Envidor® 240SC (Spirodiclofen) insecticides induce DNA 

damage in Drosophila melanogaster ovarian cells [22]. However, the molecular mechanisms of response 

to DNA damage induced by keto-enol insecticides have not been characterized. DNA is continually 

subject to damage from exposure to environmental chemical compounds such as: pesticides [22, 23], 

heavy metals [24], or physical factors such as ionizing or ultraviolet radiation (IR or UV) [25, 26], 

among others. The induction of DNA damage is considered one of the main risk factors for the 

development of genetic diseases, reproductive dysfunction, birth defects and carcinogenesis [27, 28]. 

When DNA damage occurs, cells activate DNA damage response (DDR) mechanisms, which detect 

the site of the damage, amplifying a cascade of protein kinases and activation of downstream effectors 

that promote cell cycle arrest and DNA damage repair leading to apoptosis [29, 30]. In the presence 

of DNA damage, an early event to DDR is phosphorylation of histone H2AX at carboxyl-terminal 

residue serine 139, known in mammals as γH2AX and in D. melanogaster as γH2AV [31-33]. The 

γH2AX variant is a very robust marker to detect double-strand breaks (DSBs), but also single-strand 

breaks (SSBs), DNA adducts, transcription blockade, and DNA replication [34, 35]. γH2AX-

producing lesions can be specifically immunodetected as discrete “foci” (sites) in interphase nuclei 

or mitotic chromosomes by specific fluorophore-labeled antibodies that recognize the 

phosphorylated residue of γH2AX, which is highly sensitive, allowing detection of γH2AX even 

when there are few DNA lesions [36]. These foci can be quantified by means of fluorescence 

microscopy directly as the number of positive cells or as number of foci per nucleus or indirectly 

through their size and intensity of fluorescence emitted [37-39]. This marker is dependent on the 

action of members of a family of kinases related to phosphatidylinositol 3-kinase (PI3K) which 

includes ATM (ataxia-telangiectasia mutated or Drosophila telomere fusion (Tefu)) and ATR in 

mammals (related to ATM and Rad3 or meiotic-41 in Drosophila (Mei-41)) [40, 41]. Activated 

ATM/Tefu and ATR/Mei-41 phosphorylate several substrates, including Chk1/Grapes (Grp) and 

Chk2/loki (lok) kinases, which regulate cell cycle arrest, DNA repair, and apoptosis [42-44]. The 

ATR/Chk1 pathway is activated mainly in the presence of stalled replication forks and DNA single-

strand breaks (SSBs), controlling cell cycle arrest and DNA repair in S and G2/M phases [41, 45]. The 

ATM/Chk2 pathway is activated upon induction of DNA double-strand breaks (DSBs), regulating 

cell cycle arrest in the G1/S phase and the activity of the p53 tumor suppressor that promotes the 

expression of target genes associated with DNA repair and apoptosis [46, 47]. In Drosophila, a single 

ortholog of p53 has been identified, compared to the three mammalian members (p53, p63 and p73), 

which has facilitated its study [48, 49]. Drosophila is an excellent organism recommended by the 

European Center for the Validation of Alternative Methods (ECVAM) for research in toxicology [50] 

and used for the study of various human carcinogenic processes [51, 52] including DNA damage 

response mechanisms in in vivo systems [53-55].The Drosophila ovary has functioned as a system to 

characterize DNA damage response and repair mechanisms [56], specifically the germarium, the 

residence site of germinal stem cells (GSCs), the oocyte division, differentiation, and formation site 
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[57], in which double-strand breaks (DSBs) are generated in a programmed manner during the 

meiotic recombination process [58]. A considerable number of gene-deficient mutants involved in 

DNA damage and repair response have been generated in Drosophila [59-62] and are used in the 

evaluation of the genotoxic and mutagenic potential of various chemical compounds, such as 

pesticides [63, 64]. However, there are no studies on the response mechanisms to DNA damage 

induced by exposure to these agrochemicals, especially in the ovary germarium. Therefore, the 

present study is the first to report on the mechanisms of response to DNA damage (DDR) induced 

by exposure to the keto-enol insecticides Movento® 240SC and Envidor® 240SC using mutant strains 

of D. melanogaster (ATMtefu, ATRmei-29D, Chk1grp/Chk2lok, Chk1grp, p53dp53) and wild type (Oregon R) 

through γH2AV expression by confocal immunofluorescence microscopy. 

2. Materials and Methods 

2.1. Drosophila melanogaster strains  

Table 1 describes the wild-type and DDR mutant strains of Drosophila melanogaster used in the 

present study. 

Table 1. Drosophila melanogaster strains. 

Genotype in writing Genotype1 Characteristic 

ATMtefu +/+/+ 
Wild strain competent in all DNA 

damage response mechanisms. 

ATRmei-29D 
w; mei-4129D/y{UASp41} mei-4129D;

p{mtα}/+ 

Mutant deficient in the protein kinase 

mei-41 (meiotic 41), ortholog of ATR in 

mammals. 

Chk1grp/Chk2lok w/+; grp209 lok30/grpZ5170 lok30 

Mutant deficient in the protein kinases: 

grp (grappes) and lok (localized ovarian 

kinase), respectively orthologs of Chk1 

and Chk2 in mammals. 

Chk1grp w/+; grp209/grpZ5170 

Mutant deficient in the protein kinase 

grp (grapes), ortholog of Chk1 in 

mammals. 

p53dp53 y1 w1118; p535A-1-4 

Mutant deficient in the dp53 protein 

(tumor suppressor), ortholog of p53 in 

mammals. 
1 All the strains were kept at 25 ° ± 2 C, in vial whit standard culture medium based on yeast, agar, sucrose and 

flour. The organism was donated by Professor. Jeff Sekelsky of the University of North Carolina. 

2.2. Preparation of keto-enol insecticide yeast paste 

The keto-enol insecticides Movento® 240SC (with Spirotetramat as active ingredient (cis-4-

(ethoxycarbonyloxy)-8-methoxy-3-(2,5-xylyl)-1-azaspiro[4.5]dec-3-en-2-one)), registration number 

(RSCO-INAC-0103Z-301-409-015) and Envidor® 240SC (with active ingredient Spirodiclofen (3-(2,4-

dichlorophenyl)-2-oxo-1-oxaspiro [4.5] dic-3-en-4-yl 2,2-dimethylbutyrate)), registration number 

(RSCO-INAC-0103R-301-064-022) were donated by Bayer-Mexico. Both insecticides were diluted 

with deionized water to the final concentrations of (11.2, 22.4, 37.3 mg/L) of Movento® 240SC and 

(12.3, 24.6, 41.1 mg/L) of Envidor® 240SC. Two hundred microliters of each concentration were mixed 

with yeast to form a paste that was deposited in the bottom of Drosophila Genesee Scientific (U.K.) 

food vials. The concentrations of both insecticides that induced DNA damage in ovarian cells were 

those reported in a previous study and used in three independent experiments [22]. 

2.3. Treatment scheme for keto-enol insecticides Movento® 240SC and Envidor® 240SC 
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Forty female Drosophila melanogaster strains: Oregon R, ATMtefu, ATRmei-29D, Chk1grp/Chk2lok, 

Chk1grp and p53dp53, were collected for 3 days, grouped into 4 groups with 10 females each, to be 

incubated and fed in vials containing a yeast mixture with a concentration of 11.2, 22.4 y 37.3 mg/L 

of Movento® 240SC and of 12.3, 24.6, 41.1 mg/L of Envidor® 240SC, independently, for 72 hours at 

25 °C. As a control group, food without pesticide (0.0 mg/L) was used, under the same conditions as 

the experimental groups (Figure 1). Three independent experiments were performed. 

 

Figure 1. Treatment scheme for keto-enol insecticides Movento® 240SC and Envidor® 240SC in 

Oregon R wildtype females and DDR mutants. 

2.4. Dissection of ovaries 

After 72 hours of exposure to the keto-enol insecticides Movento® 240SC and Envidor® 240SC, 

the females of the strains: Oregon R, ATMtefu, ATRmei-29D, Chk1grp/Chk2lok, Chk1grp and p53dp53, from 

each experimental and control group were sacrificed for ovarian dissection. For each group, 20 

ovaries (two per organism) were obtained, which were disaggregated into ovarioles (structural unit 

of the ovary). Ovarioles were fixed in 800 µL of fixative solution (165 µL of fresh 1X PBS, 600 µL of 

heptane, 25 µL of 16% formaldehyde and 10 µL of NP40), for 20 min. Subsequently, they were washed 

with 1 mL of 1X PBST (0.1% Tween-20 1X PBS), 3 times for 10 minutes.  

2.5. Expression of γH2AV in the ovary germarium of mutant and wild-type D. melanogaster strains exposed 

and unexposed to keto-enol insecticides by confocal immunofluorescence. 

The ovarioles of the wild-type and DDR mutant D. melanogaster strains after 72 h of exposure to 

the three concentrations of the keto-enol insecticides Movento® 240SC and Envidor® 240SC, and 

control groups, were incubated for 1 hour in 1 ml of 1% PBST + BSA (10 ml PBST + 0.1 g BSA). After 

this time, they were incubated overnight in 500 µl of primary antibody diluted in 1 ml of (1% PBST + 

BSA) at 4 °C with constant stirring. Afterwards, they were washed three times with PBST and 

incubated in 500 µl of secondary antibody diluted 1:500 in (1% PBST + BSA) for 2 hours, and for 10 

minutes with 5 µL of DAPI. Subsequently, they were washed with 1X PBST three times for 15 minutes 

and mounted on a slide with 35 µl of ProLong Gold [58]. 

The following antibodies were used: primary (rabbit α-γH2AvD (p5137), 1:1000), secondary 

(Alexa fluor-488 goat α-rabbit IgG (H+L), 1:500) and DAPI (4',6-diamino-2 -phenylindole), for 

staining the nuclei. The primary antibody γH2AvD was used as a marker for DNA double-strand 

breaks in the Drosophila germarium as described by [65]. 

2.6. Image processing 

Images of the germarium (apical region of the ovarioles) of females of the strain (Oregon R, 

ATMtefu, ATRmei-29D, Chk1grp/Chk2lok, Chk1grp and p53dp53) of each experimental and control group were 

taken with a Zeiss LSM880 confocal laser scanning microscope, using a 63x/0.65 NA oil immersion 

objective, using ZEN software. The images were saved as .czi files with a key unknown to the reader 
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for processing with FIJI software. The intensity of the emitted fluorescence of γH2AV was reported 

as the average of the total percentage of γH2AV expressed in the germarium modified from [66]. 

Finally, the most representative germarium images of each experimental and control group of each 

mutant and wild-type strain were selected, the images were cut out and figure panels were created 

in Adobe Photoshop CC. 

2.7. Statistical analysis 

The values obtained for the percentage of expression of γH2AV in the germarium of DDR 

mutant and wild-type females were reported as means ± standard deviation of three independent 

experiments for each experimental and control group. The data were analyzed with two-way analysis 

of variance (ANOVA) and a multiple comparison post-hoc test (Tukey) to determine significant 

differences between the experimental and control groups of each strain (p<0.001); statistical analysis 

was performed using the GraphPad Prism version 9 program. 

3. Results 

3.1. Induction of DNA damage in the germarium in the wild-type strain of Drosophila melanogaster (Oregon 

R) by keto-enol insecticides Movento® 240SC and Envidor® 240SC. 

Figure 2B3-B8 and D, show the significant increase in DNA double-strand breaks and the 

percentage of γH2AV expression in regions 2b and 3 of the wild-type Drosophila melanogaster (Oregon 

R) germarium, after 72 h of oral exposure to the concentrations of 11.2, 22.4, and 37.3 mg/L of the 

keto-enol insecticide Movento® 240SC, compared to the average value of basal damage in the DNA 

of the germarium of the control group (0.0 mg/L of pesticide) (p<0.001) (Figure 2B1-B2 and D).  
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Figure 2. Germarium of wild-type Oregon R females immunostained against anti-γ-His2Av. A) 

Schematic image of the germarium. Region 1: TFC, CC, GSCs, GC, EC, Cystoblast. Region 2a: Cysts, 

FSC. Region 2b: FC and Cyst oocyte. Region 3: FC, first ovarian chamber (first stage of oogenesis). 

(B1-C8) anti-γ-His2Av monoclonal antibody (green) to detect DSBs in DNA by immunofluorescence 

and DAPI for nuclei staining, red immunolocalization of ƴ-His2Av in the germarium, scale bar 

represents 10 µm. (B1-B2, C1-C2) Control group (0.0 mg/L), γ-His2Av (red) in region 2a of the 

germarium. (B3-8) Germarium of females exposed to 11.2, 22.4, 37.3 mg/L of Movento® 240SC, γ-

His2Av (red) in regions 2b and 3. (C3-8) Germarium of females exposed to 12.3, 24.6, 41.1 mg/L of 

Envidor® 240SC. (C3-4) ƴ-His2Av (red) in region 2a. (C5-8) ƴ-His2Av (red) in regions 2b and 3. (D) 

Averages of three independent experiments of (%) expression of ƴ-His2Av in the germarium of the 

wild-type strain Oregon R with and without exposure to the keto-enol insecticides Movento® 240SC 

and Envidor® 240SC. **Significant differences (p<0.001), two-way ANOVA and Tukey post-hoc test. 

(E) Linear regression analysis. 

At a concentration of 12.3 mg/L of the insecticide Envidor® 240SC, there were no significant 

differences in DNA damage and in the percentage of γH2AV expression, in relation to the average 

value of the control group (0.0 mg/L of pesticide) (p< 0.001) (Figure 2C1-C4 and D). However, at the 

concentrations of 24.6 and 41.1 mg/L of Envidor® 240SC, we observed a significant increase in DSB 

in the DNA in regions 2b and 3 of the D. melanogaster (Oregon R) germarium (Figure 2C5-C8), and in 

the expression of γH2AV in relation to the control group (0.0 mg/L of pesticide) (p<0.001) (Figure 

2D). Additionally, morphological alterations were determined in the germarium of D. melanogaster 
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(Oregon R) exposed to the three concentrations of the insecticide Envidor® 240SC (Figure 2C3-C8), 

compared to the morphology of the germarium of the control group (0.0 mg/L of pesticide) (Figure 

2C1-C2).  

The linear regression analysis of the means of γH2AV expression (DSB of DNA) induced by the 

keto-enol insecticides Movento® 240SC and Envidor® 240SC, shows that the concentration-effect 

response is for Envidor® 240SC (r2 =0.92), but not for Movento® 240SC (r2 =0.55) (Figure 2E).  

3.2. Response of ATM, Chk1 and Chk2 in the germarium with DNA damage induced by the keto-enol 

insecticide Movento® 240SC. 

Figure 3A3-A8 shows evidence of DNA double-strand breaks (DSBs) in all regions of the 

germarium of ATMtefu mutant females, after 72 hours exposure to concentrations of 11.2, 22.4 and 37.3 

mg/L of Movento® 240SC (Figure 3A1), through the significant increase in the percentage of 

expression of γH2AV compared to the values of the control groups (ATMtefu 0.0 mg/L of pesticide) 

(Figure 3A1-A2), and wild-type strain (Oregon R) (exposed to the same concentrations of the 

insecticide) (p<0.001) (Figure 4A). Additionally, the three concentrations of Movento® 240SC induced 

morphological alterations in the germarium (Figure 3A3-A8) compared to the morphology of the 

germarium of the control group (ATMtefu 0.0 mg/L of pesticide) (Figure 3A1-A2). The linear regression 

analysis shows that there is a concentration-effect response in the ATMtefu strain (r2= 0.82) (Figure 4B). 

 

Figure 3. Germarium of DDR mutant females immunostained against anti-γ-His2Av after exposure 

to Movento® 240SC. (A1) Chemical structure of Spirotetramat (a.i. Movento® 240SC) Composite 

image in blue DAPI marking cell nuclei and in green γ-His2Av, red immunolocalization of ƴ-His2Av 

in the germarium, scale bar represents 10 µm. (A1-A8) ATMtefu. (B1-B8) ATRmei-29D. (C1-C8) 

Chk1grp/Chk2lok. (D1-D8) Chk1grp. (E1-E8) p53dp53. 
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Figure 4. (A) Averages of three independent experiments of (%) expression of ƴ-His2Av in the 

germarium of the wild-type strain Oregon R and DDR mutans, with and without exposure to the 

keto-enol insecticide Movento® 240SC. **Significant differences (p<0.001), *significant differences 

(p<0.05), two-way ANOVA and Tukey post-hoc test. (B-F) Linear regression analysis. 

In ATRmei-29D mutant females, after 72 h of exposure to concentrations of 11.2, 22.4 and 37.3 mg/L 

of Movento® 240SC, there was a significant increase in DSBs in DNA, in regions 2b and 3 of the 

germarium (Figure 3B3-B8) and the percentage of expression of γH2AV compared to the values of 

the control group (ATRmei-29D 0.0 mg/L of pesticide) (p<0.001) (Figure 3B1-B2); however, at the 

concentrations of 11.2 and 22.4 mg/L, no significant differences were determined in the percentage of 

expression of γH2AV in the germarium, although, at the concentration of 37.3 mg/L of Movento® 

240SC we determined a significant increase of DSBs in the DNA and of the percentage of expression 

of γH2AV in the whole germarium (Figure 3B7-B8) in relation to the same experimental groups of 

the wild-type strain (Oregon R) (p<0.001) (Figure 4A). The linear regression analysis showed that the 

insecticide Movento® 240SC does not induce concentration-dependent DNA damage in D. 

melanogaster ATRmei-29D (r2=0.75) (Figure 4C).  

In Chk1grp/Chk2lok mutant females, after oral exposure to concentrations of 11.2 and 37.3 mg/L of 

Movento® 240SC, we determined a significant increase in DSBs in DNA, in all regions of the 

germarium (Figure 3C3-C4, C7-C8) and the percentage of expression of γH2AV, compared to the 

control groups (Chk1grp/Chk2lok 0.0 mg/L of pesticide) (Figure 3C1-2) and wild-type strain (Oregon 

R) (p<0.001) (Figure 4A). At a concentration of 22.4 mg/L of Movento® 240SC, we did not determine 

any significant differences in the induction of DNA damage in germarium cells (Figure 3C5-C6) 

compared to the control groups (Chk1grp/Chk2lok 0.0 mg/L of pesticide) (Figure 3C1-2) and wild-type 

strain (Oregon R) (p<0.001) (Figure 4A). However, exposure to the three concentrations of the 

insecticide Movento® 240SC induce dead cell, evidenced by the absence of nuclei in regions 1 and 2a 

of the germarium (Figure 3C3-C8 yellow arrows); and at concentrations of 22.4 and 37.3 mg/L, it 

produces morphological changes in the germarium (Figure 3C5-C8) compared to the germarium of 

the control group (Chk1grp/Chk2lok 0.0 mg/L of pesticide) (Figure 3C1-C2). The linear regression 

analysis shows that the genotoxic effect of the insecticide Movento® 240SC in Chk1grp/Chk2lok females 

is not concentration-dependent (r2=0.20) (Figure 4D). 

In Chk1grp mutans females, exposed for 72 h at a concentration of 11.2 mg/L, there was no 

significant increase in DSBs in the DNA and in the percentage of expression of γH2AV, in the 

germarium (Figure 3D3-D4) compared to the values for the control groups (Chk1grp 0.0 mg/L of 

pesticide) (Figure 3D1-D2) and wild-type strain (Oregon R) (p<0.001) (Figure 4A). However, at the 

concentrations of 22.4 and 37.3 mg/L of Movento® 240SC, we observed a significant increase in DSBs 

in the DNA in regions 2a and 3 of the germarium (Figure 3D5-D8) and the percentage of expression 

of γH2AV compared to the values of the control groups (Chk1grp 0.0 mg/L of pesticide) (Figure 3D1-

D2) and wild-type strain (Oregon R) (p<0.001) (Figure 4A). Additionally, at a concentration of 37.3 

mg/L of Movento® 240SC we observed inhibition of cell proliferation evidenced by the absence of 
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cell nuclei in region 1 and reduction in the size of the germarium (Figure 3D7-D8 yellow arrows) 

compared to the control groups (Chk1grp 0.0 mg/L of pesticide) (Figure 3D1-D2). The linear regression 

analysis shows that the insecticide Movento® 240SC has a concentration-dependent genotoxic 

response in Chk1grp females (r2=0.91) (Figure 4E).  

Finally, in p53dp53 mutant females, after exposure to concentrations of 12.6 and 22.4 mg/L of 

Movento® 240SC, there was no significant increase in DNA double-strand breaks and in the 

percentage of expression of γH2AV, in the germarium (Figure 3E3-E4) compared to the values for 

the control groups (p53 dp53 0.0 mg/L of pesticide) (Figure 3E1-E2) and wild-type (Oregon R) (Figure 

4A). However, the concentration of 37.3 mg/L of Movento® 240SC produced a significant increase in 

DNA double-strand breaks in all regions of the germarium (Figure 4E7-E8) and the percentage of 

expression of γH2AV, compared to the values of the control groups (p53dp53 0.0 mg/L of pesticide) 

(Figure 4E1-E2) and wild-type strain (Oregon R) (p<0.05) (Figure 4A). The linear regression analysis 

shows that the genotoxic response of the insecticide Movento® 240SC in p53dp53 mutant females is 

not concentration-dependent (r2=0.88) (Figure 4F). 

3.3. Response of ATM, ATR, Chk1, Chk1 and p53 in the germarium of D. melanogaster with DNA damage 

induced by the keto-enol insecticide Envidor® 240 SC. 

Figure 5A3-A8 show a significant increase in DNA DSBs in all regions of the germarium of 

ATMtefu mutant females, after 72 hours exposure to concentrations of 12.3, 24.6 and 41.1 mg/L of 

Envidor® 240SC (Figure 5A1) and the percentage of expression of γH2AV compared to the control 

groups (ATMtefu 0.0 mg/L of pesticide) (Figure 5A1-A2) and wild-type strain (Oregon R) (p<0.001) 

(Figure 6A). Additionally, at a concentration of 24.6 mg/L of Envidor® 240SC, we observed the 

absence of nuclei in region 3 (Figure 5A5-A6 yellow arrows) compared to the control group (ATMtefu 

0.0 mg/L of pesticide) (Figure 5A1-A2). The linear regression analysis shows that the genotoxic 

response of the insecticide Envidor® 240SC in ATMtefu females is not concentration-dependent 

(r2=0.77) (Figure 6B). 

 

Figure 5. Germarium of DDR mutant females immunostained against anti-γ-His2Av after exposure 

to Envidor® 240SC. (A1) Chemical structure of Spirodiclofen (a.i. Envidor® 240SC.) Composite image 

in blue DAPI marking cell nuclei and in green γ-His2Av, red immunolocalization of ƴ-His2Av in the 

germarium, scale bar represents 10 µm. (A1-A8) ATMtefu. (B1-B8) ATRmei-29D. (C1-C8) Chk1grp /Chk2lok. 

(D1-D8) Chk1grp. (E1-E8) p53dp53. 
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Figure 6. (A) Averages of three independent experiments of (%) expression of ƴ-His2Av in the 

germarium of the wild-type strain Oregon R and DDR mutans, with and without exposure to the 

keto-enol insecticide Envidor® 240SC. **Significant differences (p<0.001), two-way ANOVA and 

Tukey post-hoc test. (B-F) Linear regression analysis. 

In ATRmei-29D mutant females, after 72 h of exposure to concentrations of 12.3, 24.6 and 41.1 mg/L 

of Envidor® 240SC, there was a significant increase in DSBs in DNA of the germarium (Figure 5B3-

B8) and the percentage of expression of γH2AX compared to the control groups (ATRmei-29D 0.0 mg/L 

of pesticide) (Figure 5B1-B2) and wild-type strain (Oregon R) (p<0.001) (Figure 6A). At a 

concentration of 24.6 mg/L of Envidor® 240SC, we observed the absence of nuclei in region 3 (Figure 

5B5-B6 yellow arrows) compared to the control group (ATRmei-29D 0.0 mg/L of pesticide) (Figure 5B1-

B2). The linear regression analysis shows that the genotoxic response of the insecticide Envidor® 

240SC in ATRmei-29D mutant females is not concentration-dependent (r2=0.29) (Figure 6C).  

In Drosophila Chk1grp/Chk2lok females exposed to 12.3 and 41.1 mg/L concentrations of Envidor® 

240SC for 72 h, there is a significant increase in DNA double-strand breaks in regions 1 and 3 of the 

germarium (Figure 5C3-C4, C7-C8) and in the percentage of expression of γH2AX, compared to 

control groups (Chk1grp/Chk2lok 0.0 mg/L of pesticide) (Figure 5C1-C2) and wild-type strain (Oregon 

R) (p<0.001) (Figure 6A). At a concentration of 24.6 mg/L of Envidor® 240SC, there was no increase 

in DSBs in the DNA and in the percentage of expression of γH2AX in the germarium (Figure 5C5-

C6) compared to the control groups (Chk1grp/Chk2lok 0.0 mg/L of pesticide) (Figure 5C1-C2) and wild-

type strain (Oregon R) (p<0.001) (Figure 6A). However, exposure to the three concentrations of the 

insecticide Envidor® 240SC inhibits cell proliferation, as evidenced by the absence of nuclei in all 

regions of the germarium and the morphological changes (Figure 5C3-C8 yellow arrows) compared 

to the control group (Chk1grp/Chk2lok 0.0 mg/L of pesticide) (Figure 5C1-C2). The linear regression 

analysis shows that there is no concentration-effect response for the insecticide Envidor® 240SC in 

Chk1grp/Chk2lok females (r2=0.11) (Figure 6D).  

In Chk1grp mutant females, exposure to concentrations of 12.3, 24.6 and 41.1 mg/L of Envidor® 

240SC significantly increases DSBs in DNA in all regions of the germarium (Figure 5 D3-D8) as well 

as the percentage of expression of γH2AX, compared to the control groups (Chk1grp 0.0 mg/L of 

pesticide) (Figure 5D1-D2) and wild-type strain (Oregon R) (p<0.001) (Figure 6A). The linear 

regression analysis shows that there is no concentration-effect response for the insecticide Envidor® 

240SC in Chk1grp females (r2=0.69) (Figure 6E).  

Finally, in p53dp53 mutant females of D. melanogaster, exposure to concentrations of 12.3, 24.6 and 

41.1 mg/L of Envidor® 240SC significantly increased DSBs in DNA in all regions of the germarium 

(Figure 5E3-E8) as well as the percentage of expression of γH2AX compared to the control groups 

(p53dp53 0.0 mg/L of pesticide) (Figure 5E1-E2) and wild-type strain (Oregon R) (p<0.001) (Figure 6A). 

Concentrations of 24.6 and 41.1 mg/L produced morphological alterations and a reduction in the size 

of the germarium (Figure 5E5-E8) compared to the control groups (p53dp53 0.0 mg/L of pesticide) 

(Figure 5E1-E2). The linear regression analysis shows that there is no concentration-effect response 

for the insecticide Envidor® 240SC in the p53dp53 mutant (r2=0.52) (Figure 6F). 
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4. Discussion 

The commercial keto-enol insecticides Movento® 240SC and Envidor® 240SC and their active 

ingredients (Spirotetramat and Spirodiclofen) have been shown to induce DNA damage in non-target 

organisms [12, 15]. In a previous study, we reported that the commercial acaricides Movento® 240SC 

and Envidor® 240SC induce a significant increase in damage in the ovary DNA of wild-type 

Drosophila melanogaster (Oregon R) [22]. However, there were no reports on DNA damage response 

(DDR) pathways. The present study used the expression of histone γH2AV as a marker of DNA 

double-strand breaks (DSBs) in the ovarian germarium of Drosophila melanogaster in the wild-type 

strain Oregon R and mutants: ATMtefu, ATRmei-29D, Chk1grp/Chk2lok, Chk1grp and p53dp53 exposed for 72 

hours orally to elucidate DDR pathways. 

The results of the expression of histone γH2AV in the germarium of the ovaries of wild-type D. 

melanogaster (Oregon R) after exposure to concentrations of 11.2, 22.4, 37.3 mg/L of Movento® 240SC 

and 24.6, 41.1 mg/L of Envidor® 240SC for 72 hours, show a significant increase in DNA double-

strand breaks (DSBs) in regions 2b and 3 of the germarium. However, at a concentration of 12.3 mg/L 

of Envidor® 240SC, there were no significant changes in DSB production in the germarium of D. 

melanogaster (Oregon R) compared to the percentage of endogenous expression in region 2a of the 

control group. (0.0 mg/L) (p<0.001). However, exposure to the three concentrations of Envidor® 

240SC produced structural changes in the germarium, compared to the germarium of the control 

group. 

It has been reported that the induction of DSBs and visualization through the expression of 

γH2AV in Drosophila melanogaster is exclusively found in oocytes in the pachytene subphase of 

prophase I of meiosis I, in region 2a, which are repaired before their differentiation into region 3 [56, 

67]. Therefore, the expression of γH2AV in regions 2b and 3 of the germarium after exposure to 

Movento® 240SC and Envidor® 240SC, indicate that both insecticides act as genotoxic agents 

through DSB induction. When comparing the induction of DNA damage in the germinal cells of the 

germarium in relation to both insecticides, we observed that only the insecticide Envidor® 240SC 

induces concentration-dependent DNA damage, as well as structural changes of the germarium in 

wild-type Oregon R females. It is reported that one of the mechanisms of genotoxicity and 

cytotoxicity of Spirodiclofen (active ingredient of Envidor® 240SC) is the induction of oxidative stress 

by increasing the production of reactive oxygen species (ROS), such as superoxide anion (O2−�), the 

hydroxyl radical (HO�), hydrogen peroxide (H2O2), with increased activity of endogenous 

antioxidants SOD and CAT, and induction of lipid peroxidation [12]. One of the effects of lipid 

peroxidation is the alteration of the assembly, composition, and permeability of cell membranes, 

altering their structure and function [68], which might justify the induction of ultrastructural 

alterations in the germarium after exposure to Envidor® 240SC. In female zebrafish (Danio rerio), an 

induction of morphological alterations in the ovary, oxidative stress and lipid peroxidation was 

reported after exposure to the keto-enol insecticide Spirotetramat [19].  

Exposure to the same concentrations of Movento® 240SC in mutant ATMtefu of D. melanogaster 

demonstrates that the production of DSB in the DNA of germarium cells activates DDR mediated by 

ATM kinase, and both ATMtefu and ATRmei-29D kinases are only activated in the presence of DSB at the 

highest concentration (37.3 mg/L). Some studies have indicated that ATR may have functional 

redundancy with ATM even by activating effectors initially phosphorylated by ATM [69, 70]. This 

could support the fact that we observed a significant increase in the expression of γH2AV in the 

germarium of females of both strains at the highest concentration. A possible contributor to this 

process could be the induction of oxidative stress that derives from the increased production of ROS 

that can oxidize bases and inducing single- and double-strand breaks (SSBs and DSBs) [68]. Our 

results are supported by the data reported in coelomocytes of earthworms (Esenia fetida) exposed to 

1.25 and 2.5 mg/kg-1 of Spirotetramat for 14, 21 and 28 days, in which induction of oxidant stress and 

lipoperoxidation correlated with DNA fragmentation were determined [15]. An important response 

to the induction of DNA damage is the activation of cell cycle checkpoints to initiate DNA repair 

processes. This mechanism is regulated by the activation of the ATR and ATM-dependent Chk1 and 

Chk2 kinases, respectively [71]. In this study, the exposure to Movento® 240SC in Chk1grp and Chk2lok 
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mutant strains demonstrates the increase in DNA damage and the deficiency of DNA repair 

mechanisms in regions 1, 2a and 2b of the germarium, and consequently, induction of cell death 

evidenced by the absence of DAPI-stained cell nuclei. The significant increase in the expression of 

γH2AV in p53dp53 mutant females in relation to the Oregon R wild-type strain (p<0.05) only at the 

highest concentration of 37.3 mg/L of Movento® 240SC, allowed us to infer that, in general, the 

mechanisms of DNA damage response and repair are mainly regulated by Chk2lok, but not dependent 

on p53dp53. Additionally, it supports our hypothesis that this concentration generates many ROS that 

activate multiple DNA damage response and repair mechanisms. In addition to activating p53, Chk2 

can regulate the activation of transcription factors, such as FOXO1 [72]. FOXO1, in a similar way to 

p53, also regulates processes such as cell proliferation and survival [73, 74] as well as responding to 

the induction of oxidative stress [75]. This could support the absence of cell nuclei observed in the 

germarium in females of the Chk1grp/Chk2lok deficient mutant strain, where, in the absence of Chk2, 

FOXO1 cannot be activated and consequently regulate cell proliferation and survival, in addition 

perhaps to responding to oxidative stress induction. Negative regulation of FOXO1 expression has 

already been reported in female mice ovaries exposed to Movento, in which histological analysis 

revealed damage to cell membranes, nuclear fragmentation, and cell death of ovarian granulosa cells 

[16]. 

In relation to the commercial insecticide Envidor® 240SC, after exposure to concentrations of 

12.3, 24.6 and 41.1 mg/L, we determined a significant increase in the percentage of γH2AV expression 

in the germarium of ATMtefu and ATRmei-29D mutant females independently, which could perhaps 

indicate that Envidor® 240SC acts as a genotoxic agent through the induction of SSBs (single-strand 

breaks), which consequently lead to the formation of DSBs. ATR is activated when SSBs and stress 

occur during replication [76]. In response, ATR regulates replisome stability, activation of the origin 

of replication, and prevents premature mitotic entry [77, 78]; failure in any of these may lead to an 

accumulation of SSBs and aberrant DNA structures (apurinic/apyrimidinic sites) that are difficult to 

repair and can lead to the formation of DSBs [79], simultaneously activating ATM and ATR [80]. 

Additionally, we observed that, at a concentration of 24.6 mg/L in both ATMtefu and ATRmei-29D mutant 

strains, cell death is induced, evidenced by the absence of nuclei in region 3, perhaps derived from 

the induction of oxidative stress and ROS production that could be interfering with the DNA damage 

response and repair mechanisms, leading to cell death. A recent study reported that Spirodiclofen 

(the active ingredient of Envidor® 240SC) increases the frequency of micronuclei (MN), chromosomal 

aberrations (CA) and DNA fragmentation, in addition to decreasing the percentage of the mitotic 

index in meristem cells of Allium cepa, correlated with the induction of oxidative stress and lipid 

peroxidation. Spirodiclofen administration also caused structural damage, such as cell wall 

thickening, flattened cell nucleus, cell deformation and necrosis [12]. The activation of Chk1 and Chk2 

kinases is a key process in cell cycle arrest and activation of DNA damage response and repair 

mechanisms [81, 82].The significant increase in the percentage of γH2AV expression in the 

germarium of Chk1grp mutant females compared to Oregon R wild-type females (p<0.001), supports 

our hypothesis that Envidor® 240SC primarily induces SSBs and that, in this context, lesion repair 

initially depends on ATR-mediated activation of Chk1. However, SSB formation ultimately leads to 

DSB formation exceeding Chk1 repair capacity, upon which Chk2 is activated to initiate repair 

mechanisms and/or cell death [83, 84]. This would explain why, in mutant females for both Chk1grp 

and Chk2lok kinases, we identified a significant increase in DNA damage, and an absence of cell nuclei 

in all regions of the germarium, which could also be a consequence of the induction of oxidative 

stress. With the significant increase in DNA damage induced by the insecticide Envidor® 240SC in 

p53dp53 mutant females, we define its direct participation in activating DNA damage response and 

repair mechanisms [85] but not in the activation of processes that lead to cell death, and therefore, 

perhaps similarly as with Movento® 240SC, there are other effectors downstream of Chk2 that initiate 

cell death processes, such as BRCA1 and transcription factors such as FOXO1 and E2F1, that also 

regulate the proliferation and induction of cell death [72, 86]. 

Based on our results, we hypothesized two possible response mechanisms to DNA damage 

induced by the keto-enol insecticides Envidor® 240SC and Movento® 240SC (Figure 7A, 7B).  
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Figure 7. DNA damage response (DDR) mechanism induced by keto-enol insecticides. (A) DDR 

induced by Movento® 240SC. (B) DDR induced by Envidor® 240SC. 

5. Conclusions 

Based on our results, we show that the commercial keto-enol insecticides Movento® 240SC and 

Envidor® 240SC act as genotoxic agents by inducing DSBs, and with Envidor® 240SC inducing SSBs, 

in regions 2b and 3 of the D. melanogaster germarium, activating two DNA damage response 

mechanisms (DDR). Movento® 240SC depends on the activation of ATMtefu, Chk1grp and Chk2lok 

kinases, with ATRmei-29D and p53dp53 kinases only responding at the highest concentration of 37.3 mg/L. 

With the Envidor® 240SC insecticide, we determined that the DDR depends on the activation of the 

ATRmei-29D/Chk1grp and ATMtefu/Chk2lok kinases, and that the repair mechanisms are dependent on 

p53dp53. The data obtained support our hypothesis that both keto-enol insecticides represent a 

potential risk for the female reproductive system, affecting the proliferation, maturation, and 

development of germ cells, which could consequently affect the quality of the oocytes and the fertility 

rate. However, further studies are still required to fully elucidate the DNA response and repair 

mechanisms induced by this class of insecticides. 

Funding: This research was partially funded by Programa de Apoyo a Proyectos de Investigación e Innovación 

Tecnológica, Dirección General de Apoyo al Personal Académico [DGAPAUNAM-IN205613] of the Universidad 

Nacional Autónoma de México (UNAM). 

Institutional Review Board Statement: This study did not require ethical approve. 

A                                                     B

ROS
ROS

Envidor® 240SC

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 July 2023                   doi:10.20944/preprints202307.1876.v1

https://doi.org/10.20944/preprints202307.1876.v1


 14 

 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: This paper is part of the requirements for obtaining a Doctoral degree at the Posgrado en 

Ciencias Biológicas, UNAM. Student Berenyce Gonzalez Marín has received scholarship from CONACyT 

(778808). The authors thank Jeff Sekelsky laboratory team for technical assistance during the development of 

this Project. 

Conflicts of Interest: Declare conflicts of interest or state “The authors declare no conflict of interest.”. 

References 

1. Gundogan, K., Donmez-Altuntas, H., Hamurcu, Z., Akbudak, I. H., Sungur, M., Bitgen, N., Baskol, G., & 

Bayram, F. (2018). Evaluation of chromosomal DNA damage, cytotoxicity, cytostasis, oxidative DNA 

damage and their relationship with endocrine hormones in patients with acute organophosphate 

poisoning. Mutation research. Genetic toxicology and environmental mutagenesis, 825, 1–7. 

https://doi.org/10.1016/j.mrgentox.2017.11.005  

2. Hilgert Jacobsen-Pereira, C., Dos Santos, C. R., Troina Maraslis, F., Pimentel, L., Feijó, A. J. L., Iomara Silva, 

C., de Medeiros, G. D. S., Costa Zeferino, R., Curi Pedrosa, R., & Weidner Maluf, S. (2018). Markers of 

genotoxicity and oxidative stress in farmers exposed to pesticides. Ecotoxicology and environmental safety, 

148, 177–183. https://doi.org/10.1016/j.ecoenv.2017.10.004 

3. Sabarwal, A., Kumar, K., & Singh, R. P. (2018). Hazardous effects of chemical pesticides on human health-

Cancer and other associated disorders. Environmental toxicology and pharmacology, 63, 103–114. 

https://doi.org/10.1016/j.etap.2018.08.018  

4. Nauen, R., Bretschneider, T., Elbert, A., Fischer, R., & Tiemann, R. (2003). Spirodiclofen and Spiromesifen. 

J Pestic Outlook., 14, 243-245.  

5. Ouyang, Y., Montez, G. H., Liu, L., & Grafton-Cardwell, E. E. (2012). Spirodiclofen and Spirotetramat 

bioassays for monitoring resistance in citrus red mite, Panonychus citri (Acari: Tetranychidae). Pest 

management science, 68(5), 781–787. https://doi.org/10.1002/ps.2326  

6. Sparks, T. C., & Nauen, R. (2015). IRAC: Mode of action classification and insecticide resistance 

management. Pesticide biochemistry and physiology, 121, 122–128. 

https://doi.org/10.1016/j.pestbp.2014.11.014  

7. Bretschneider, T., Benet-Buchholz, J., Fischer, R., Nauen, R. (2003). Spirodiclofen and Spiromesifen Novel 

Acaricidal and Insecticidal Tetronic Acid Derivatives with a New Mode of Action. CHIMIA Int. J. Chem., 

57, 697-701.  

8. Lümmen, P., Khajehali, J., Luther, K., & Van Leeuwen, T. (2014). The cyclic keto-enol insecticide 

spirotetramat inhibits insect and spider mite acetyl-CoA carboxylases by interfering with the 

carboxyltransferase partial reaction. Insect biochemistry and molecular biology, 55, 1–8. 

https://doi.org/10.1016/j.ibmb.2014.09.010  

9. Yoshida, M., Inoue, K., & Takahashi, M. (2015). Predictive modes of action of pesticides in uterine 

adenocarcinoma development in rats. Journal of toxicologic pathology, 28(4), 207–216. 

https://doi.org/10.1293/tox.2015-0026  

10. FAO. (2019). Food and Agriculture Organization, Pesticides-Spirodiklofen Report No: 09. Available at: 

http://www.fao.org/fileadmin/templates/agphome/documents/Pests_Pesticides/JMPR/Report09/Spirodicl

ofen.pdf. Retrieved Feb 2023.  

11. Zhang, J., Qian, L., Teng, M., Mu, X., Qi, S., Chen, X., Zhou, Y., Cheng, Y., Pang, S., Li, X., & Wang, C. (2019). 

The lipid metabolism alteration of three spirocyclic tetramic acids on zebrafish (Danio rerio) embryos. 

Environmental pollution (Barking, Essex: 1987), 248, 715–725. https://doi.org/10.1016/j.envpol.2019.02.035  

12. Çavuşoğlu, D., Yalçin, E., Çavuşoğlu, K., Acar, A., & Yapar, K. (2021). Molecular docking and toxicity 

assessment of spirodiclofen: protective role of lycopene. Environmental science and pollution research 

international, 28(40), 57372–57385. https://doi.org/10.1007/s11356-021-14748-y 

13. Agbohessi, P. T., Imorou Toko, I., Houndji, A., Gillardin, V., Mandiki, S. N., & Kestemont, P. (2013). Acute 

toxicity of agricultural pesticides to embryo-larval and juvenile African catfish Clarias gariepinus. Archives 

of environmental contamination and toxicology, 64(4), 692–700. https://doi.org/10.1007/s00244-012-9871-3 

14. Yin, X., Jiang, S., Yu, J., Zhu, G., Wu, H., & Mao, C. (2014). Effects of Spirotetramat on the acute toxicity, 

oxidative stress, and lipid peroxidation in Chinese toad (Bufo bufo gargarizans) tadpoles. Environmental 

toxicology and pharmacology, 37(3), 1229–1235. https://doi.org/10.1016/j.etap.2014.04.016  

15. Zhang, Q., Zhang, G., Yin, P., Lv, Y., Yuan, S., Chen, J., Wei, B., & Wang, C. (2015). Toxicological effects of 

soil contaminated with spirotetramat to the earthworm Eisenia fetida. Chemosphere, 139, 138–145. 

https://doi.org/10.1016/j.chemosphere.2015.05.091  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 July 2023                   doi:10.20944/preprints202307.1876.v1

https://doi.org/10.20944/preprints202307.1876.v1


 15 

 

16. Kafshgiri, S. K., Parivar, K., Baharara, J., Kerachian, M. A., & Hayati Roodbari, N. (2016). Movento 

influences development of granulosa cells and ovarian follicles and FoxO1 and Vnn1 gene expression in 

BALB/c mice. Iranian journal of basic medical sciences, 19(11), 1209–1215.  

17. Chen, Y., Tao, F., Liu, X., Wang, M., Rao, Q., Gu, D., Wu, H. (2018). Acute and chronic toxicities of 

spirotetramat to Daphnia magna. J Pest Sci., 20, 118-123.  

18. Houssou, A., Cocan, D., Bonou, C., Vioara, M., Montchowui, E. (2018). Survival and reproduction of 

Cyclops abyssorum (freshwater copepod) exposed to spirotetramat and 2,4-D. Romanian Biotechnological 

Letters. 23. 13761–13770. 10.26327/RBL2018.174.  

19. Wu, H., Rao, Q., Zheng, J., Mao, C., Sun, Y., Gu, D., Wang, M., & Liu, X. (2018). Biochemical and histological 

alterations in adult zebrafish（Danio rerio）ovary following exposure to the tetronic acid insecticide 

spirotetramat. Ecotoxicology and environmental safety, 164, 149–154. 

https://doi.org/10.1016/j.ecoenv.2018.08.020  

20. Zhang, J., Qian, L., Wang, C., Teng, M., Duan, M., Zhou, Y., Chen, X., Bo, R., Wang, C., & Li, X. (2020). 

Dysregulation of endocrine disruption, apoptosis and the transgenerational toxicity induced by 

spirotetramat. Chemosphere, 240, 124900. https://doi.org/10.1016/j.chemosphere.2019.124900  

21. Zhang, J., Qian, L., Wang, C., Teng, M., Duan, M., Chen, X., Li, X., & Wang, C. (2020). UPLC-TOF MS/MS 

metabolomics analysis of zebrafish metabolism by spirotetramat. Environmental pollution (Barking, Essex: 

1987), 266(Pt 2), 115310. https://doi.org/10.1016/j.envpol.2020.115310  

22. González-Marín, B., Calderón-Segura, M. E. González Pérez, A. K. Moreno Ciénega, L. G. (2021). Movento® 

240SC (Spirotetramat) and Envidor® 240SC (Spirodiclofen) keto-enol insecticides induce DNA damage in 

Drosophila melanogaster ovaries, Fundamental Toxicological Sciences, 8(3), 81–88. 

https://doi.org/10.2131/fts.8.81  

23. Ku-Centurión, M., González-Marín, B., Calderón-Ezquerro, M. C., Martínez-Valenzuela, M. C., 

Maldonado, E., & Calderón-Segura, M. E. (2016). DNA Damage Assessment in Zebrafish Embryos Exposed 

to Monceren(®) 250 SC Fungicide Using the Alkaline Comet Assay. Zebrafish, 13(5), 442–448. 

https://doi.org/10.1089/zeb.2016.1265  

24. Morales, M. E., Derbes, R. S., Ade, C. M., Ortego, J. C., Stark, J., Deininger, P. L., & Roy-Engel, A. M. (2016). 

Heavy Metal Exposure Influences Double Strand Break DNA Repair Outcomes. PloS one, 11(3), e0151367. 

https://doi.org/10.1371/journal.pone.0151367  

25. Santivasi, W. L., & Xia, F. (2014). Ionizing radiation-induced DNA damage, response, and repair. 

Antioxidants & redox signaling, 21(2), 251–259. https://doi.org/10.1089/ars.2013.5668  

26. Gill, S. S., Anjum, N. A., Gill, R., Jha, M., & Tuteja, N. (2015). DNA damage and repair in plants under 

ultraviolet and ionizing radiations. TheScientificWorldJournal, 2015, 250158. 

https://doi.org/10.1155/2015/250158  

27. Clavel, J. (2007). Progress in the epidemiological understanding of gene-environment interactions in major 

diseases: cancer. Comptes rendus biologies, 330(4), 306–317. https://doi.org/10.1016/j.crvi.2007.02.012  

28. Guanggang, X., Diqiu, L., Jianzhong, Y., Jingmin, G., Huifeng, Z., Mingan, S., & Liming, T. (2013). 

Carbamate insecticide methomyl confers cytotoxicity through DNA damage induction. Food and chemical 

toxicology: an international journal published for the British Industrial Biological Research Association, 53, 

352–358. https://doi.org/10.1016/j.fct.2012.12.020  

29. Jackson, S. P., & Bartek, J. (2009). The DNA-damage response in human biology and disease. Nature, 

461(7267), 1071–1078. https://doi.org/10.1038/nature08467   

30. Sancar, A., Lindsey-Boltz, L. A., Unsal-Kaçmaz, K., & Linn, S. (2004). Molecular mechanisms of mammalian 

DNA repair and the DNA damage checkpoints. Annual review of biochemistry, 73, 39–85. 

https://doi.org/10.1146/annurev.biochem.73.011303.073723  

31. Rogakou, E. P., Pilch, D. R., Orr, A. H., Ivanova, V. S., & Bonner, W. M. (1998). DNA double-stranded breaks 

induce histone H2AX phosphorylation on serine 139. The Journal of biological chemistry, 273(10), 5858–

5868. https://doi.org/10.1074/jbc.273.10.5858  

32. Rogakou, E. P., Boon, C., Redon, C., & Bonner, W. M. (1999). Megabase chromatin domains involved in 

DNA double-strand breaks in vivo. The Journal of cell biology, 146(5), 905–916. 

https://doi.org/10.1083/jcb.146.5.905  

33. Madigan, J. P., Chotkowski, H. L., & Glaser, R. L. (2002). DNA double-strand break-induced 

phosphorylation of Drosophila histone variant H2Av helps prevent radiation-induced apoptosis. Nucleic 

acids research, 30(17), 3698–3705. https://doi.org/10.1093/nar/gkf496  

34. Huang, X., Traganos, F., & Darzynkiewicz, Z. (2003). DNA damage induced by DNA topoisomerase I- and 

topoisomerase II-inhibitors detected by histone H2AX phosphorylation in relation to the cell cycle phase 

and apoptosis. Cell cycle (Georgetown, Tex.), 2(6), 614–619.  

35. Sedelnikova, O. A., Horikawa, I., Zimonjic, D. B., Popescu, N. C., Bonner, W. M., & Barrett, J. C. (2004). 

Senescing human cells and ageing mice accumulate DNA lesions with unrepairable double-strand breaks. 

Nature cell biology, 6(2), 168–170. https://doi.org/10.1038/ncb1095  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 July 2023                   doi:10.20944/preprints202307.1876.v1

https://doi.org/10.20944/preprints202307.1876.v1


 16 

 

36. Costes, S. V., Chiolo, I., Pluth, J. M., Barcellos-Hoff, M. H., & Jakob, B. (2010). Spatiotemporal 

characterization of ionizing radiation induced DNA damage foci and their relation to chromatin 

organization. Mutation research, 704(1-3), 78–87. https://doi.org/10.1016/j.mrrev.2009.12.006  

37. Zhou, C., Li, Z., Diao, H., Yu, Y., Zhu, W., Dai, Y., Chen, F. F., & Yang, J. (2006). DNA damage evaluated 

by gammaH2AX foci formation by a selective group of chemical/physical stressors. Mutation research, 

604(1-2), 8–18. https://doi.org/10.1016/j.mrgentox.2005.12.004  

38. Watters, G. P., Smart, D. J., Harvey, J. S., & Austin, C. A. (2009). H2AX phosphorylation as a genotoxicity 

endpoint. Mutation research, 679(1-2), 50–58. https://doi.org/10.1016/j.mrgentox.2009.07.007  

39. Hershman, J. M., France, B., Hon, K., & Damoiseaux, R. (2017). Direct quantification of gamma H2AX by 

cell-based high throughput screening for evaluation of genotoxicity of pesticides in a human thyroid cell 

lines. Environmental and molecular mutagenesis, 58(7), 522–528. https://doi.org/10.1002/em.22103  

40. Song, Y. H., Mirey, G., Betson, M., Haber, D. A., & Settleman, J. (2004). The Drosophila ATM ortholog, 

dATM, mediates the response to ionizing radiation and to spontaneous DNA damage during development. 

Current biology: CB, 14(15), 1354–1359. https://doi.org/10.1016/j.cub.2004.06.064  

41. Maréchal, A., & Zou, L. (2013). DNA damage sensing by the ATM and ATR kinases. Cold Spring Harbor 

perspectives in biology, 5(9), a012716. https://doi.org/10.1101/cshperspect.a012716  

42. Brodsky, M. H., Weinert, B. T., Tsang, G., Rong, Y. S., McGinnis, N. M., Golic, K. G., Rio, D. C., & Rubin, G. 

M. (2004). Drosophila melanogaster MNK/Chk2 and p53 regulate multiple DNA repair and apoptotic 

pathways following DNA damage. Molecular and cellular biology, 24(3), 1219–1231. 

https://doi.org/10.1128/MCB.24.3.1219-1231.2004  

43. de Vries, H. I., Uyetake, L., Lemstra, W., Brunsting, J. F., Su, T. T., Kampinga, H. H., & Sibon, O. C. (2005). 

Grp/DChk1 is required for G2-M checkpoint activation in Drosophila S2 cells, whereas Dmnk/DChk2 is 

dispensable. Journal of cell science, 118(Pt 9), 1833–1842. https://doi.org/10.1242/jcs.02309  

44. Khan, C., Muliyil, S., & Rao, B. J. (2019). Genome Damage Sensing Leads to Tissue Homeostasis in 

Drosophila. International review of cell and molecular biology, 345, 173–224. 

https://doi.org/10.1016/bs.ircmb.2018.12.001  

45. Wang, X., Khadpe, J., Hu, B., Iliakis, G., & Wang, Y. (2003). An overactivated ATR/CHK1 pathway is 

responsible for the prolonged G2 accumulation in irradiated AT cells. The Journal of biological chemistry, 

278(33), 30869–30874. https://doi.org/10.1074/jbc.M301876200  

46. Shiloh, Y., & Ziv, Y. (2012). The ATM protein: the importance of being active. The Journal of cell biology, 

198(3), 273–275. https://doi.org/10.1083/jcb.201207063  

47. Shiloh, Y., & Ziv, Y. (2013). The ATM protein kinase: regulating the cellular response to genotoxic stress, 

and more. Nature reviews. Molecular cell biology, 14(4), 197–210. https://doi.org/10.1038/nrm3546  

48. Brodsky, M. H., Nordstrom, W., Tsang, G., Kwan, E., Rubin, G. M., & Abrams, J. M. (2000). Drosophila p53 

binds a damage response element at the reaper locus. Cell, 101(1), 103–113. https://doi.org/10.1016/S0092-

8674(00)80627-3 

49. Ollmann, M., Young, L. M., Di Como, C. J., Karim, F., Belvin, M., Robertson, S., Whittaker, K., Demsky, M., 

Fisher, W. W., Buchman, A., Duyk, G., Friedman, L., Prives, C., & Kopczynski, C. (2000). Drosophila p53 is 

a structural and functional homolog of the tumor suppressor p53. Cell, 101(1), 91–101. 

https://doi.org/10.1016/S0092-8674(00)80626-1  

50. Rajak, P., Dutta, M., & Roy, S. (2015). Altered differential hemocyte count in 3rd instar larvae of Drosophila 

melanogaster as a response to chronic exposure of Acephate. Interdisciplinary toxicology, 8(2), 84–88. 

https://doi.org/10.1515/intox-2015-0013  

51. Mirzoyan, Z., Sollazzo, M., Allocca, M., Valenza, A. M., Grifoni, D., & Bellosta, P. (2019). Drosophila 

melanogaster: A Model Organism to Study Cancer. Frontiers in genetics, 10, 51. 

https://doi.org/10.3389/fgene.2019.00051  

52. Cohen, J. M., Beck, B. D., & Rhomberg, L. R. (2021). Historical perspective on the role of cell proliferation 

in carcinogenesis for DNA-reactive and non-DNA-reactive carcinogens: Arsenic as an example. 

Toxicology, 456, 152783. https://doi.org/10.1016/j.tox.2021.152783  

53. Sekelsky, J. J., Brodsky, M. H., & Burtis, K. C. (2000). DNA repair in Drosophila: insights from the 

Drosophila genome sequence. The Journal of cell biology, 150(2), F31–F36. 

https://doi.org/10.1083/jcb.150.2.f31  

54. Sekelsky, J. (2017). DNA Repair in Drosophila: Mutagens, Models, and Missing Genes. Genetics, 205(2), 

471–490. https://doi.org/10.1534/genetics.116.186759  

55. Baonza, A., Tur-Gracia, S., Pérez-Aguilera, M., & Estella, C. (2022). Regulation and coordination of the 

different DNA damage responses in Drosophila. Frontiers in cell and developmental biology, 10, 993257. 

https://doi.org/10.3389/fcell.2022.993257  

56. Jang, J. K., Sherizen, D. E., Bhagat, R., Manheim, E. A., & McKim, K. S. (2003). Relationship of DNA double-

strand breaks to synapsis in Drosophila. Journal of cell science, 116(Pt 15), 3069–3077. 

https://doi.org/10.1242/jcs.00614  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 July 2023                   doi:10.20944/preprints202307.1876.v1

https://doi.org/10.20944/preprints202307.1876.v1


 17 

 

57. Hsu, H. J., & Drummond-Barbosa, D. (2011). Insulin signals control the competence of the Drosophila 

female germline stem cell niche to respond to Notch ligands. Developmental biology, 350(2), 290–300. 

https://doi.org/10.1016/j.ydbio.2010.11.032  

58. Hatkevich, T., Miller, D.E., Turcotte, C.A., Miller, M.C., Sekelsky, J. (2021). A pathway for error-free non-

homologous end joining of resected meiotic double-strand breaks. Nucleic acids research. 49, 879-890.  

59. Andersen, S. L., Bergstralh, D. T., Kohl, K. P., LaRocque, J. R., Moore, C. B., & Sekelsky, J. (2009). Drosophila 

MUS312 and the vertebrate ortholog BTBD12 interact with DNA structure-specific endonucleases in DNA 

repair and recombination. Molecular cell, 35(1), 128–135. https://doi.org/10.1016/j.molcel.2009.06.019  

60. Hernando, J., Alvarez, L., Ferreiro, J. A., Sancho, I., Comendador, M. A., & Sierra, L. M. (2004). Female germ 

cell mutagenicity of model chemicals in Drosophila melanogaster: mechanistic information and analysis of 

repair systems. Mutation research, 545(1-2), 59–72. https://doi.org/10.1016/j.mrfmmm.2003.09.013  

61. LaRocque, J. R., Jaklevic, B., Su, T. T., & Sekelsky, J. (2007). Drosophila ATR in double-strand break repair. 

Genetics, 175(3), 1023–1033. https://doi.org/10.1534/genetics.106.067330  

62. Laurençon, A., Purdy, A., Sekelsky, J., Hawley, R. S., & Su, T. T. (2003). Phenotypic analysis of separation-

of-function alleles of MEI-41, Drosophila ATM/ATR. Genetics, 164(2), 589–601. 

https://doi.org/10.1093/genetics/164.2.589  

63. Li, D., Huang, Q., Lu, M., Zhang, L., Yang, Z., Zong, M., & Tao, L. (2015). The organophosphate insecticide 

chlorpyrifos confers its genotoxic effects by inducing DNA damage and cell apoptosis. Chemosphere, 135, 

387–393. https://doi.org/10.1016/j.chemosphere.2015.05.024  

64. Siddique, H. R., Sharma, A., Gupta, S. C., Murthy, R. C., Dhawan, A., Saxena, D. K., & Chowdhuri, D. K. 

(2008). DNA damage induced by industrial solid waste leachates in Drosophila melanogaster: a 

mechanistic approach. Environmental and molecular mutagenesis, 49(3), 206–216. 

https://doi.org/10.1002/em.20373  

65. Tanaka, T., Huang, X., Halicka, H. D., Zhao, H., Traganos, F., Albino, A. P., Dai, W., & Darzynkiewicz, Z. 

(2007). Cytometry of ATM activation and histone H2AX phosphorylation to estimate extent of DNA 

damage induced by exogenous agents. Cytometry. Part A: the journal of the International Society for 

Analytical Cytology, 71(9), 648–661. https://doi.org/10.1002/cyto.a.20426  

66. Dewey., E.B., Parra., A.S., Johnston., C.A. (2020). Loss of the spectraplakin gene Short stop induces a DNA 

damage response in Drosophila epithelia. Sci Rep. 10, 20165. https://doi.org/10.1038/s41598-020-77159-y  

67. Gorski, M. M., Romeijn, R. J., Eeken, J. C., de Jong, A. W., van Veen, B. L., Szuhai, K., Mullenders, L. H., 

Ferro, W., & Pastink, A. (2004). Disruption of Drosophila Rad50 causes pupal lethality, the accumulation 

of DNA double-strand breaks and the induction of apoptosis in third instar larvae. DNA repair, 3(6), 603–

615. https://doi.org/10.1016/j.dnarep.2004.02.001  

68. Gaschler, M. M., & Stockwell, B. R. (2017). Lipid peroxidation in cell death. Biochemical and biophysical 

research communications, 482(3), 419–425. https://doi.org/10.1016/j.bbrc.2016.10.086  

69. Shiloh, Y. (2001). ATM and ATR: networking cellular responses to DNA damage. Current opinion in 

genetics & development, 11(1), 71–77. https://doi.org/10.1016/s0959-437x(00)00159-3  

70. Abraham, R. T. (2001). Cell cycle checkpoint signaling through the ATM and ATR kinases. Genes & 

development, 15(17), 2177–2196. https://doi.org/10.1101/gad.914401  

71. Bartek, J., & Lukas, J. (2007). DNA damage checkpoints: from initiation to recovery or adaptation. Current 

opinion in cell biology, 19(2), 238–245. https://doi.org/10.1016/j.ceb.2007.02.009  

72. Tan, Y., Raychaudhuri, P., & Costa, R. H. (2007). Chk2 mediates stabilization of the FoxM1 transcription 

factor to stimulate expression of DNA repair genes. Molecular and cellular biology, 27(3), 1007–1016. 

https://doi.org/10.1128/MCB.01068-06  

73. Evans-Anderson, H. J., Alfieri, C. M., & Yutzey, K. E. (2008). Regulation of cardiomyocyte proliferation and 

myocardial growth during development by FOXO transcription factors. Circulation research, 102(6), 686–

694. https://doi.org/10.1161/CIRCRESAHA.107.163428  

74. Paik, J. H., Kollipara, R., Chu, G., Ji, H., Xiao, Y., Ding, Z., Miao, L., Tothova, Z., Horner, J. W., Carrasco, D. 

R., Jiang, S., Gilliland, D. G., Chin, L., Wong, W. H., Castrillon, D. H., & DePinho, R. A. (2007). FoxOs are 

lineage-restricted redundant tumor suppressors and regulate endothelial cell homeostasis. Cell, 128(2), 

309–323. https://doi.org/10.1016/j.cell.2006.12.029  

75. Sengupta, A., Molkentin, J. D., Paik, J. H., DePinho, R. A., & Yutzey, K. E. (2011). FoxO transcription factors 

promote cardiomyocyte survival upon induction of oxidative stress. The Journal of biological chemistry, 

286(9), 7468–7478. https://doi.org/10.1074/jbc.M110.179242  

76. Saldivar, J. C., Cortez, D., & Cimprich, K. A. (2017). The essential kinase ATR: ensuring faithful duplication 

of a challenging genome. Nature reviews. Molecular cell biology, 18(10), 622–636. 

https://doi.org/10.1038/nrm.2017.67  

77. Byun, T. S., Pacek, M., Yee, M. C., Walter, J. C., & Cimprich, K. A. (2005). Functional uncoupling of MCM 

helicase and DNA polymerase activities activates the ATR-dependent checkpoint. Genes & development, 

19(9), 1040–1052. https://doi.org/10.1101/gad.1301205  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 July 2023                   doi:10.20944/preprints202307.1876.v1

https://doi.org/10.20944/preprints202307.1876.v1


 18 

 

78. Zou, L., & Elledge, S. J. (2003). Sensing DNA damage through ATRIP recognition of RPA-ssDNA 

complexes. Science (New York, N.Y.), 300(5625), 1542–1548. https://doi.org/10.1126/science.1083430  

79. Wang, H., Wang, H., Powell, S. N., Iliakis, G., & Wang, Y. (2004). ATR affecting cell radiosensitivity is 

dependent on homologous recombination repair but independent of nonhomologous end joining. Cancer 

research, 64(19), 7139–7143. https://doi.org/10.1158/0008-5472.CAN-04-1289  

80. Roos, W. P., & Kaina, B. (2013). DNA damage-induced cell death: from specific DNA lesions to the DNA 

damage response and apoptosis. Cancer letters, 332(2), 237–248. https://doi.org/10.1016/j.canlet.2012.01.007  

81. Kastan, M. B., & Bartek, J. (2004). Cell-cycle checkpoints and cancer. Nature, 432(7015), 316–323. 

https://doi.org/10.1038/nature03097  

82. Smith, J., Tho, L. M., Xu, N., & Gillespie, D. A. (2010). The ATM-Chk2 and ATR-Chk1 pathways in DNA 

damage signaling and cancer. Advances in cancer research, 108, 73–112. https://doi.org/10.1016/B978-0-12-

380888-2.00003-0  

83. Chehab, N. H., Malikzay, A., Appel, M., & Halazonetis, T. D. (2000). Chk2/hCds1 functions as a DNA 

damage checkpoint in G(1) by stabilizing p53. Genes & development, 14(3), 278–288.  

84. Shieh, S. Y., Ahn, J., Tamai, K., Taya, Y., & Prives, C. (2000). The human homologs of checkpoint kinases 

Chk1 and Cds1 (Chk2) phosphorylate p53 at multiple DNA damage-inducible sites. Genes & development, 

14(3), 289–300  

85. Chen, Z., Trotman, L. C., Shaffer, D., Lin, H. K., Dotan, Z. A., Niki, M., Koutcher, J. A., Scher, H. I., Ludwig, 

T., Gerald, W., Cordon-Cardo, C., & Pandolfi, P. P. (2005). Crucial role of p53-dependent cellular senescence 

in suppression of Pten-deficient tumorigenesis. Nature, 436(7051), 725–730. 

https://doi.org/10.1038/nature03918  

86. Stevens, C., Smith, L., & La Thangue, N. B. (2003). Chk2 activates E2F-1 in response to DNA damage. Nature 

cell biology, 5(5), 401–409. https://doi.org/10.1038/ncb974 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 July 2023                   doi:10.20944/preprints202307.1876.v1

https://doi.org/10.20944/preprints202307.1876.v1

