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0.001). Lines denote 95% confidence intervals. Black points represent LC25, LC50, LC75, LC90 

and LC99 concentration, LC50 and LC90 were selected to evaluate histological and 

ultrastructural changes. 

Fig. 2. Histological sections of Anticarsia gemmatalis midgut. [a]: control larvae showing 

epithelium with columnar digestive cells (white asterisk) with well-developed brush border 

(arrow) and nucleus (N). Note the presence of goblet cells (black asterisk), peritrophic matrix 

(white arrowhead) in the midgut lumen and the longitudinal and circular muscles (M). [b]: 

Larva fed on diet with LC50 of squamocin showing digestive cell with nucleus (N), goblet cell 
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with mitochondria (black arrowhead). [f]: General aspect of the goblet cell showing the nucleus 
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(C) showing microvilli (black arrow) with mitochondria (black arrowhead).  

Fig. 4. Transmission electron micrographs of the midgut of Anticarsia gemmatalis larvae fed 

on squamocin. [a]: General aspects of epithelium showing cells with disorganized labyrinth 

(BL), cluster of vacuoles (V), microvilli (MV) and basal lamina (white arrowhead). [b]: 

General aspect of the midgut epithelium of larvae fed on LC50 squamocin showing digestive 
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cells (DC) with large fragments of the apical cell region (white arrow) releasing to the lumen 

(L), disorganized microvilli (MV) and some goblet cell (GC). [c]: Apical region of digestive 
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vacuoles (black arrowhead) and an enlarged vacuole with organelle debris and disorganized 
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Fig. 1. Distance walked and resting time (Means ± SD) of Anticarsia gemmatalis larvae 

exposed to level LC50 and LC90 tebufenozide concentrations. [a] Distance walked [b] Resting 

time. Bars followed by different letters differ at P < 0.05 (Tukey's mean separation test). n.s. e 

non-significant.  

Fig. 2. Respiration rate of Anticarsia gemmatalis after exposed to LC50 and LC90 

concentrations of tebufenozide on larvae. Lines followed by different letters differ at P < 0.05 

(Tukey's mean separation test). Vertical bars represent the standard error of the mean.  

Fig. 3. Histological sections of Anticarsia gemmatalis midgut. [a]: Control larvae showing 

epithelium with digestive cells (white asterisk) with well-developed brush border (arrow) and 

nucleus (N). Note the presence of goblet cells (black asterisk), abundance of vacuoles (arrow 

head), midgut lumen (L) and the longitudinal and circular muscles (M). [b]: Larva after 24 h 

fed on diet with LC50 of tebufenozide showing digestive cell with nucleus (N), goblet cell 
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(black asterisk) and digestive cell (white asterisk). Note the lose attachment of brush border 

(arrow) and vacuoles (arrowhead). [c]: Larva after 48 h fed on diet with LC50 of tebufenozide 

showing abundance of vacuoles (arrowhead) in the digestive cells (white asterisk), goblet cells 

(black asterisk), nucleus (N) and longitudinal muscles (M). [d]: Larva after 96 h fed on diet 

with LC50 of tebufenozide showing digestive (white asterisk), goblet cells (black asterisk), 

nucleus (N), muscles (M). Note the damaged brush border (arrow) cell with few vacuoles 
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vacuoles (arrows) and microvilli (MV). [b], [c]: Median and basal region of the cell showing 

disorganized profiles of endoplasmic reticulum (white arrow head). Note the presence of a 

large granule (G) in median region. [d]: Median region of the cell and with autophagic vacuoles 

(arrow) and many mitochondrial nanotunnels (black arrowheads). [e]: Apical region with 

autophagic vacuoles (arrows). [f]: High magnification of dashed square at figure e showing 

autophagic vacuole filled with organelles debris.  

Fig. 6. Transmission electron micrographs of goblet cells in the midgut of Anticarsia 

gemmatalis fed on LC50 tebufenozide. [a]: General aspects showing cell cavity filled with 

flocculent material and disorganization of microvilli (MV). Note the absence of adjacent 

mitochondria (arrowhead) into the microvilli (MV). [b]: Detailing cell cavity and showing 

disorganized microvilli (MV) without mitochondria (arrowhead).  

Supplemental figure 1. Larval mortality of Anticarsia gemmatalis caused by tebufenozide 

when fed with artificial diet treated at different concentrations (CL50 and CL90) (X2 = 19.57; df 

= 5; P <0.001). Lines denote 95% confidence intervals. Black point represents LC50 

concentration selected to evaluate histological and ultrastructural changes. 

Supplemental figure 2. Survivorship curves of Anticarsia gemmatalis larvae exposed at 

different lethal concentrations using the Kaplan-Meier method and compared using the log-

rank test (X2 = 38.05; P< 0.001). 
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of heterochromatin (white arrowhead). [b] General view of digestive cell (DC) with 

mitochondria (black arrowhead) and electron-dense granules (G). Note well developed nucleus 

(N) with few crumples of heterochromatin (white arrowhead) and nucleolus (Nu). [c]: Detail 

of mitochondria (black arrowhead). [d]: Detail of electron-dense granule (G) in cytoplasm. [e]: 

Glycogen granules. Insert: magnifying granules of glycogen. [f]: Rough endoplasmic reticulum 

cisterns. 

Supplemental figure 5. Transmission electron micrographs of goblet cells in the midgut of 

Anticarsia gemmatalis control larvae. [a]: General aspect of goblet cell (GC) closed to 

digestive cell (DC) showing internal cavity with organized microvilli (MV) and adjacent 

cytoplasm with mitochondria (black arrowhead). [b]:) Detailing microvilli with mitochondria 

inside them (black arrowhead). [c]: Detailing basal region with well-developed nucleus (N), 

regular basal labyrinth (BL) and microvilli (MV). 

Supplemental figure 6. Immunofluorescence staining for cleaved-3-caspase in the midgut of 

Anticarsia gemmatalis caterpillars. [a-c-e]: Bright field images. [b]: control larvae showing 

negative fluorescence. Apoptotic cells. [d]: larva after 24 h fed on diet with LC50 tebufenozide 

concentrations showing apoptotic cells (arrow). [f]: larva after 48 h fed on diet with LC50 

tebufenozide concentrations showing apoptotic cells (arrows). Bars=20µm. 
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ABSTRACT 
 
FIAZ, Muhammad, D.Sc., Universidade Federal de Viçosa, February, 2019. Toxicological 
and morphological effects of squamocin and tebufenozide on Anticarsia gemmatalis 
(Lepidoptera: Noctuidae) larvae. Advisor: José Eduardo Serrão. 

 

Anticarsia gemmatalis Hübner (Lepidoptera: Noctuidae) is the main defoliating pest of 

soybean (Glycine max L. Merrill, Fabaceae) in Brazil. There are a variety of plant products and 

synthetic insecticides used to control A. gemmatalis. The larval midgut is reported to be the 

'front line' in creation of local immune defense and detoxification of xenobiotic compounds. 

These characteristics make the midgut cells to be the most affected by those xenobiotics. 

Squamocin from Annona mucosa and tebufenozide were evaluated to test their toxicity and 

their ultrastructural effects in midgut cells of A. gemmatalis. Toxicological results showed that 

A. gemmatalis was susceptible to both squamocin and tebufenozide. Larvae exposed to 

tebufenozide compromised larval fitness and its survivorship. LC50 and LC90 of squamocin and 

tebufenozide against A. gemmatalis were 37.14 mg/L-1, 83.14 mg/L-1 and 3.86 mg/L-1, 12.16 

mg/L-1, respectively. Squamocin and tebufenozide intake caused deformities in epithelial cells. 

Squamocin damage to midgut cells include enlarged basal labyrinth, highly vacuolated 

cytoplasm, damaged apical surface, release of cell protrusions to the gut lumen, autophagy and 

cell death. Ingestion of tebufenozide caused damage to striated border with release of 

protrusions to the midgut lumen, damaged nuclear membrane and nucleus with condensed 

chromatin and increase autophagic vacuolization. Both, squamocin and tebufenozide, damaged 

mitochondria and compromised respiration rate, while in case of tebufenozide, severe damage 

resulted in to modification of mitochondria into nanotunnels along with compromising 

respiration rate. Squamocin and tebufenozide are lethal to larvae, they compromised its fitness 

and induced severe morphological changes in midgut cells empowering control program 

against A. gemmatalis. 
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RESUMO 
 

FIAZ, Muhammad, D.Sc., Universidade Federal de Viçosa, fevereiro de 2019. Efeitos 
toxicológicos e morfológicos da esquamocina e tebufenozida nas larvas de Anticarsia 
gemmatalis (Lepidoptera: Noctuidae). Orientador: José Eduardo Serrão. 
 
Anticarsia gemmatalis Hübner (Lepidoptera: Noctuidae) é uma praga desfolhadora da soja 

(Glycine max L. Merrill, Fabaceae) no Brasil, sendo controlada por uma variedade de produtos 

naturais e inseticidas sintéticos. O intestino médio das larvas é reportado por fazer parte  da 

defesa imune primária por participar da detoxificação de compostos xenobióticos. Estas 

características fazem do intestino médio o órgão mais afetado por tais xenobióticos. O 

composto esquamocina da planta Annona mucosa e tebufenozida foram avaliados para testar 

sua toxicidade e possíveis efeitos na ultraestrutura das células do intestino médio de A. 

gemmatalis. Resultados toxicológicos mostraram que A. gemmatalis foi suscetível tanto a 

esquamocina quanto a tebufenozida. Larvas expostas a tebufenozida tiveram 

comprometimento do fitness e sobrevivência. CL50 e CL90 de esquamocina e tebufenozida 

contra A. gemmatalis foram 37.14 mg/L-1, 83.14 mg/L-1 e 3.86 mg/L-1, 12.16 mg/L-1, 

respectivamente. A ingestão de esquamocina e tebufenozida causaram danos nas células 

epiteliais do intestino médio como alargamento do labirinto basal, citoplasma altamente 

vacuolizado, superfície apical danificada, liberação de protrusões celulares no lúmen, autofagia 

e morte celular. A ingestão de tebufenozida causou danos na borda estriada com liberações de 

protrusões para o lumen do intestino, danos na membrana nuclear, núcleo com cromatina 

condensada e aumento de vacuolização autofágica. Ambos os compostos esquamocina e 

tebufenozida danificaram mitocôndrias e comprometeram a taxa respiratória, enquanto no 

tratamento com tebufenozida houve danos severos resultando na modificação das mitocôndrias 

em nanotúneis juntamente com o comprometimento da taxa respiratória. Assim sendo, 

esquamocina e tebufenozida são letais às larvas, comprometendo seu fitness e induzindo 

alterações morfológicas severas nas células do intestino médio, favorecendo o programa de 

controle contra A. gemmatalis.  
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INTRODUCTION 
 

Soybean is principal food crop in Brazil, enlisting the country as the second largest 

producer in the world. Defoliation of soybean crops is caused by different insect species that 

can compromise yield and quality of production, especially when it occurs at reproductive 

stages (Begum & Eden 1965). Among those, Anticarsia gemmatalis Hubner 1818 (Noctuidae: 

Lepidoptera) is one of the major defoliating soybean pests in the western hemisphere 

(Bortolotto et al. 2015), which consumes leaves during all its larval instars, and consequently 

can cause complete defoliation of plants (Fugi et al. 2005) diminishing its productivity 

(Bortolotto et al. 2015).  

Despite availability of several control methods, pest control is still largely based on the 

use of pesticides, in the sense of synthetic organic chemical-based ingredients that are applied 

on the crops, the commodity, or the household environment. In Brazil A. gemmatalis is 

controlled mainly by using synthetic insecticides (Navickiene et al. 2007; Panizzi 2013). 

Because of the fact, pesticide made possible a fastest and effective method to control weeds, 

diseases and insect in relatively short time (Arain et al. 2018). 

Insecticide application is considered to be a necessary component in agricultural 

production (Tilman et al. 2002). In addition to have direct killing effect on pests, the application 

of pesticide also results in insect physiology, biology, behavior, fertility, fecundity, longevity 

and resistance in response to low or sublethal doses of insecticide over time (Guedes et al. 

2016; Lee et al. 2000). Those sublethal effects vary depending upon insecticide class and 

targeted species. The effects impact on insect growth, development and fecundity, in addition 

to affect insect physiological and biochemical processes (Cao et al. 2017; Lee et al. 2000). 

Physiological and biochemical changes can be used to assess and predict pesticide efficacy and 

potency in context of controlling insect pests (Zhao et al. 2018). 

Squamocin, also called anonin I, is derived from plant parts, which is an acetogenin (37 

carbon atoms, α,β-unsaturated γ-lactone ring and adjacent bis-tetrahydrofuran (bis-THF) ring) 

(Rupprecht et al. 1990) is cytotoxic (Miao et al. 2016), larvicidal (Costa et al. 2014), antitumor 

(Chen et al. 2013), neurotoxic (Derbré et al. 2008) and inhibitor of mitochondrial complex I 

(Duval et al. 2006). The search of natural compounds for plant protection, especially in organic 

agriculture, has increased the interest in botanical insecticides (Martínez et al. 2015; Zanuncio 

et al. 2016). Squamocin is ascertained to be gut poisons and effective against insect pests such 

as Trichoplusia ni Hübner (Lepidoptera: Noctuidae), Myzus persicae Sulzer (Hemiptera: 

Aphididae) (Ribeiro et al. 2014) and Aedes aegypti L. (Diptera: Culicidae) (Costa et al. 2014, 

2017). 
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Tebufenozide was first introduced in the early 1990s (Dhadialla & Jansson 1999), 

which mimics the biological function of the natural insect hormone JH and interacts with instar 

phase. Steroid molting hormone 20E and sesquiterpenoid juvenile hormone in insects plays a 

major role in growth regulation, development and reproductive processes (Riddiford 2012). 

Tebufenozide halts larval feeding when ingested and induces a premature molt, which is 

ultimately lethal (Wing et al. 1988). 

The insect digestive system is divided in to three principal regions, foregut and hindgut, 

which are derived from the ectoderm, and the midgut, originated from endoderm is the main 

organ where digestion and absorption take places (Chapman 2013). In particular with 

ephemeropteran and lepidopteran midguts, so called invaginated shaped goblet cells with 

enclosed lumen filled with flocculent material are present which encloses a large extracellular 

lumen that is continuous with the midgut lumen, via a labyrinthine apical valve formed by the 

interdigitating microvilli (Lehane & Billingsley 2012). Among the organs tested against 

different insecticides, the medium intestine has been reported to be one of the most affected by 

chemicals (Gutiérrez et al. 2016; Catae et al. 2018). 

In this work, we aimed to test the plant compound; squamocin from Annona mucosa, 

and chemical; tebufenozide against Anticarsia gemmatalis and evaluated their lethal and 

sublethal effects on survival and fitness of A. gemmatalis larvae. We report testing of 

squamocin and tebufenozide in context with ultrastructural and cytochemical aspects of 

midgut, suggesting these agents as tool in managing and controlling A. gemmatalis. 

 

REVIEW OF LITERATURE  
 

Researches are being carried out with crops to find lines and cultivars with relative 

levels of resistance to insects. Wild soybeans like, PI 171451, PI 227658 and PI 229358 are 

being used since early 1970s to cop with the resistance developed in insects like Epilachna 

varivestis (Van Duyn et al. 1972), Trichoplusia ni (Luedders & Dickerson 1977), Diabrotica 

speciosa and Colaspis spp. (Rezende & de Miranda 1980), Pseudoplusia includens (Beach & 

Todd 1988), Spodoptera spp. (Beach & Todd 1987) and A. gemmatalis (Oliveira et al. 1993). 

Piubelli et al. (2003) reported these PIs to possess moderately resistant against some seed 

sucking insects. When tested in field, PI 274454 lines were observed to be less defoliated than 

those cultivars tested as control (Rezende et al. 1980). Breeding program of the Instituto 

Agronômico (Campinas, São Paulo State, Brazil) released a cultivar IAC-100 having 

genealogy of PI 274454 and PI 229358 and was particularly resistant to sting bugs and other 

leaf feeders (Veiga et al. 1999). 
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Levy et al. (2004) reported the morphology of epithelial cells of Anticarsia gemmatalia 

larvae by light and transmission electron microscopy. The midgut of A. gemmatalis has three 

different regions: proximal, media and distal. The wall is formed by epithelial tissue which has 

four cell types, called columnar, goblet, regenerative and endocrine cells. Columnar cells are 

long and numerous in number, with the apical portion rich in microvilli and the basal portion 

invaginations forming in to a basal labyrinth. The goblet cells have a large central cavity 

encircled by cytoplasmic projections adjacent with mitochondria (Gomes et al. 2013). 

Regenerative cells show electron-dense cytoplasm with few organelles and endocrine cells 

exhibit electron-dense secretory granules, usually concentrated in the basal region of the 

cytoplasm. 

Silveira et al. (2004) reported the virus infection of nucleopolyhedro virus in 

haemocytes of Anticarsia gemmatalis and characterized intrahaemocoelic infection by A. 

gemmatalis M nucleopolyhedrovirus (AgMNPV). Entire cells were phagocytosed by 

plasmatocytes only. Infected cells presented a common feature of necrosis, suggesting 

cytotoxic effect. There was an exuberant protrusion of budded viruses in granular haemocyte 

1 as compared to other haemocytes. Infection to all types of haemocytes were observed, 

addition to have intense virus replication in these cells which is indication of importance of 

haemolymph for AgMNPV dispersal in natural host, which is a critical factor for 

permissiveness. 

Knaak & Fiuza (2005) tested the efficacy of Bacillus thuringiensis and 

Nucleopolyhedrovirus and their effect on midgut epithelial cells of Anticarsia gemmatalis. 

They reported the efficacy of Btk up to 100% when used isolatedly, rather than using the 

association of AgNPV-Btk (98.68% of mortality). Btk exhibited changes in larval midgut after 

6 hours of treatment. 

Piubelli et al. (2005) tested effects of flavonoids from soybean genotypes on biology 

and physiology of Anticarsia gemmatalis and quantified those flavonoids. Higher mortality 

was observed in larvae fed on extracts of genotypes PI 274454, PI 227687, and “IAC-100” 

addition to negative negatively inclined initial larval growth and pupal weight and elongated 

larval cycle.  

Levy et al. (2011) analyzed the peritrophic membrane of Anticarsia gemmatalis 

caterpillar resistant and susceptible to A. gemmatalis multicapsid nucleopolyhedrovirus 

(AgMNPV), in viral presence. They concluded that peritrophic membrane’s effectiveness in 

protection against pathogens is highly reliant on on the integrity of the epithelial cells and of 

the structural preservation of the peritrophic membrane, which is directly implicated in the 

resistance of A. gemmatalis larvae to AgMNPV. 
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Fiuza et al. 2013 reported lethal effects and receptors of Bacillus thuringiensis in the 

Anticarsia gemmatalis. They bound insecticidal crystal proteins to midgut epithelial cells of 

the A. gemmatalis larvae by using streptavidin-mediated detection and presented brush border 

as the binding cite of Cry1Aa and Cry1Ac along the entire length of midgut. Contrary to this, 

the binding cites of Cry1Ba were not regularly distributed in the microvilli of midgut. The data 

of binding cites demonstrated a correlation between receptors and toxicity of tested insecticidal 

crystal proteins of insect.  

Almeida et al. (2014) reported the ultrastructural analysis of fat body and midgut of 

Anticarsia gemmatalis larvae treated with neem seed extract. They described swallow midgut 

cells of A. gemmatalis larvae, detachment of basal membrane and complete disruption in severe 

conditions in treatments. Lipid and protein reserves were observed to be depleted in treatments. 

Overall, A. gemmatalis exhibited negative effects on physiological and biological parameters 

when treated with neem seed kernel extract. 

Costa et al. (2014) reported acetogenins as secondary metabolites which are exclusively 

produced by Annonaceae, having antitumor, cytotoxic, and pesticide properties. Data 

estimated with probit analysis suggested that squamocin induced mortality in Aedes aegypti. 

Concentrations of squamocin (50, 80, and 100 ppm) were effective in causing 50% mortality 

after 360 minutes while 6.4 ppm was effective in causing 50% mortality after 600 of 

application. Cytotoxic activity caused by 50 ppm of squamocin after 240 minutes resulted in 

midgut cells with low level of vacuolization in cytoplasm while 100 ppm of squamocin 

exhibited high level of vacuolization in cytoplasm, damage to apical surface and release of cell 

protrusion to lumen. 

Schünemann et al. (2014) proposed Bacillus thuringiensis in management of 

velvetbean caterpillar and reported that Bt showed toxic activity to caterpillar. They 

emphasized that cultures those express Bt can be helpful in global agriculture system with the 

aim of reducing number of pests, which results in reduction of synthetic insecticide applications 

to control this pest, ultimately boosting final production.   

Mushtaq et al. (2017) used insecticidal proteins from Bt to control Anticarsia 

gemmatalis and Chrysodeixis includens. High activity of Cry2Ac7 and Vip3Aa11 proteins 

were observed in A. gemmatalis and C. includens larvae. In addition to the above results, they 

also reported that Cry1Ie2 and Cry7Ab3 has anti-feeding activity in adults of Ceratoma 

trifurcate, which is an alternative pest of soybean. 

Mageed et al. (2018) tested the efficacy of different chitin synthesis inhibitors 

(Flufenoxuron, Chlorfluazuron and Triflumuron) against Spodoptera littoralis (Boisd.). From 

all the tested chitin synthesis inhibitors, the highest efficacy was observed with flufenoxuron 
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(LC50 of 0.14 ppm) followed by chlorfluazuron (LC50 of 0.42 ppm) and triflumuron (LC50 of 

1661.58 ppm). Variation in activities for each enzyme was observed against those chitin 

synthesis inhibitors. Upon ingestion these chitin synthesis inhibitors increase in activity was 

observed in AST (Aspartate Transaminase) while they decreased the activity of ALT (Alanine 

Transaminase). 

Napoleão et al. (2018) reported a comprehensive introduction of insect midgut, its role 

in digestion, osmoregulation and defense system. They tested lectins and protease inhibitors 

on midgut and reported the interference of PIs with digestion processes, resulting in poor 

nutrient absorption and diminishing amino acid bioavailability. The effect of PIs intake can 

result in to development of deformities, delay in development and reduction in fertility. 

Ingestion of these PIs can also change the set of proteases secreted in insect gut, but this 

response is inadequate which can result in malnutrition status. Lectins are protein, known to 

interfere with glycoconjugates. The effect of these glycoconjugates on midgut include 

disruption of the brush border, peritrophic matrix and secretory cell layer. The effect also 

includes induction of oxidative stress and apoptosis, malfunctioning in nutrient absorption and 

damaging effects to symbionts.  

Ristiati et al. (2018) determined the efficacy of seed extract of custard apple (Annona 

squamosa) against Culex vishnui mosquito larvae. Different concentrations had different 

mortality in Culex vishnui mosquito larvae. Custard apple seed extract of concentration 150 

ppm was the most effective in causing highest mortality of 8.25. 

Maciel et al. (2019) used seed extracts of Annona squamosa in microencapsulation to 

evaluate its lethal toxicity against Tetranychus urticae. Lethal toxicity was evaluated by 

pulverizing microencapsulation and the hexane and ethanol extracts on leaf disks of jack bean 

Canavalia ensifomis L. DC (Fabaceae). The hexane, microencapsulated and ethanol extracts 

had LC99 of 26.05, 45.26 and 53.27 g/L, respectively. In final consideration, from all tested 

formulations, the microencapsulation of Annona squamosa paved to be the efficient in causing 

mortality in Tetranychus urticae.  
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h i g h l i g h t s

! The insecticidal effect of Tebufenozide was tested against A. gemmatalis.

! A. gemmatalis showed significant changes in histology and ultrastructure.

! Induction of mitochondrial nanotunnels by Tebufenozide.

! Tebufenozide compromises respiration and behavior of A. gemmatalis.
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a b s t r a c t

The velvetbean caterpillar, Anticarsia gemmatalis Hübner (Lepidoptera: Noctuidae), is an important

soybean pest in the Americas. Tebufenozide, a novel nonsteroidal ecdysone agonist is used to control this

pest. Bioassays were conducted to assess tebufenozide toxicity and their ultrastructural effects on midgut

of A. gemmatalis. The toxicity, survivorship, behavior response, and respiration rate for A. gemmatalis

larvae after exposure to tebufenozide were evaluated. Also, A. gemmatalis larvae were treated with LC50

obtained from tebufenozide and changes were observed on their midgut cells after 24, 48 and 96 h.

Tebufenozide was toxic to A. gemmatalis (LC50¼ 3.86mgmL#1 and LC90¼ 12.16mgmL#1) and survivor-

ship was 95% for adults that had not been exposed to tebufenozide, decreasing to 52% with LC50 and 27%

with LC90 estimated value. Damage to midgut cells was increased with exposure time. These cells show

damaged striated border with release of protrusions to the midgut lumen, damaged nuclear membrane

and nucleus with condensed chromatin and increase in amount of autophagic vacuoles. Mitochondria

were modified into nanotunnels which might be an evidence that tebufenozide induces damage to cells,

resulting in cell death, proved by immunofluorescence analyses. This insecticide also caused paralysis

movement with change in homeostasis and compromised larval respiration. Thus, sublethal exposure to

tebufenozide is sufficient to disturb the ultrastructure of A. gemmatalis midgut, which might compromise

insect fitness, confirming tebufenozide a possible controlling insecticide.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Searching for compounds to control pests is one of the main
challenges for agriculture. Phytosanitary problems were initially
dealt with natural insecticides from plant leaves, barks, flowers or
nectar. Advancement of agricultural technology reduced natural
insect control practices (Santos et al., 2017). Pesticide made
possible a fastest and reliable method to control diseases, weeds
and insect, pests are mostly controlled with chemical compounds
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Supplemental figures 

 

Supplemental figure 1. Larval mortality of Anticarsia gemmatalis caused by tebufenozide 

when fed with artificial diet treated at different concentrations (CL50 and CL90) (X2 = 19.57; df 

= 5; P <0.001). Lines denote 95% confidence intervals. Black point represents LC50 

concentration selected to evaluate histological and ultrastructural changes. 
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Supplemental figure 2. Survivorship curves of Anticarsia gemmatalis larvae exposed at 

different lethal concentrations using the Kaplan-Meier method and compared using the log-

rank test (X2 = 38.05; P< 0.001). 

 

Supplemental figure 3. Representative tracks showing the walking activity of Anticarsia 

gemmatalis, over a 10-min period on paper-filter arenas (9 cm diameter) half impregnated with 

tebufenozide (upper half of each arena). Red tracks indicate high walking velocity; green tracks 

indicate low (initial) velocity. 
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Supplemental figure 4. Transmission electron micrographs of the midgut digestive cells of 

Anticarsia gemmatalis control larvae. [a]: General view of digestive cell (DC). Showing apical 

region with microvilli (MV). Note nucleus (N) with decondensed chromatin and some cloths 

of heterochromatin (white arrowhead). [b] General view of digestive cell (DC) with 

mitochondria (black arrowhead) and electron-dense granules (G). Note well developed nucleus 

(N) with few crumples of heterochromatin (white arrowhead) and nucleolus (Nu). [c]: Detail 
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of mitochondria (black arrowhead). [d]: Detail of electron-dense granule (G) in cytoplasm. [e]: 

Glycogen granules. Insert: magnifying granules of glycogen. [f]: Rough endoplasmic reticulum 

cisterns. 

 

Supplemental figure 5. Transmission electron micrographs of goblet cells in the midgut of 

Anticarsia gemmatalis control larvae. [a]: General aspect of goblet cell (GC) closed to 

digestive cell (DC) showing internal cavity with organized microvilli (MV) and adjacent 

cytoplasm with mitochondria (black arrowhead). [b]:) Detailing microvilli with mitochondria 

inside them (black arrowhead). [c]: Detailing basal region with well-developed nucleus (N), 

regular basal labyrinth (BL) and microvilli (MV). 
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Supplemental figure 6. Immunofluorescence staining for cleaved-3-caspase in the midgut of 

Anticarsia gemmatalis caterpillars. [a-c-e]: Bright field images. [b]: control larvae showing 

negative fluorescence. Apoptotic cells. [d]: larva after 24 h fed on diet with LC50 tebufenozide 

concentrations showing apoptotic cells (arrow). [f]: larva after 48 h fed on diet with LC50 

tebufenozide concentrations showing apoptotic cells (arrows). Bars=20µm. 
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FINAL CONSIDERATIONS 
 

Toxicological studies of both squamocin and tebufenozide were evident of having 

lethal and sublethal effects on A. gemmatalis proving these agents to be fundamental in 

controlling this insect pest. Despite being lethal to A. gemmatalis larvae, tebufenozide is 

harmless to non-lepidopteran and adult beneficial insects. Squamocin has already been proven 

to be inoffensive for human leukocytes and other beneficial insects (Culex bigoti), falling both 

of these agents in the category of integrated pest management (IPM) program. 

Ingestion of both toxic substances induced alterations in midgut cells of A. gemmatalis. 

Those ultrastructural changes induced were dependent of exposure time and concentrations of 

squamocin as well as tebufenozide. Changes in ultrastructure induced by squamocin and 

tebufenozide presented apocrine secretions, cell protrusions, disorganization in microvilli and 

autophagic vacuoles.  

Mitochondria in A. gemmatalis treated by squamocin and tebufenozide presented 

molecular and morphological damage, respectively. Molecular damage to mitochondria by 

squamocin was the evident of low respiration rate in larvae, ascertained by mitotracker 

bioassay. Tebufenozide had adverse morphological effects on mitochondria by reshaping them 

in to nano-tunnels ultimately affecting larval respiration rate resulting in death.  

Behavioral responses of A. gemmatalis proved that tebufenozide was non-repellent to 

tebufenozide. However, tebufenozide induced irritability in larvae resulted in relentless 

movement while control larvae exhibited longer resting periods.  

Autophagy induced in midgut cells of A. gemmatalis proved the apoptosis occurrence 

in these cells of A. gemmatalis mediated by both squamocin and tebufenozide. Apoptosis 

observed in midgut cells here might be because these cells could not recover the damage caused 

by squamocin and tebufenozide, leading to the activation of apoptotic pathway. 

In summary, this study represents the evaluation of squamocin and tebufenozide 

toxicity against A. gemmatalis and their effects on behavior and midgut cells. The knowledge 

of ultrastructural and cytochemical features of midgut cells of A. gemmatalis enables the 

understanding of efficacy of action of these substances to control this defoliator pest. 

Therefore, the implications of these findings may have several applications in toxicology, 

biochemistry and physiology of insects for betterment of controlling this insect.  


