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Abstract
Chitin synthesis inhibitors are successfully used in pest control and an excellent option for integrated pest management 
programs due to their low non-target effects. However, field-evolved resistance of lepidopteran pests to chitin synthesis 
inhibitors and the selection of laboratory-resistant strains to these products has been already reported. Therefore, to support 
efficient resistance management programs it is necessary to expand the knowledge on the resistance mechanisms and potential 
molecular markers that detect resistant alleles. Teflubenzuron is a chitin synthesis inhibitor used to control the world widely 
distributed fall armyworm, Spodoptera frugiperda (J.E. Smith, 1797) (Lepidoptera: Noctuidae). Here, we report the selection 
and inheritance characterization of S. frugiperda strain resistant to teflubenzuron. We also evaluated the cross-resistance to 
other chitin-synthesis inhibitors and identified single nucleotide polymorphisms (SNPs), which can be used as molecular 
markers for monitoring the evolution of resistance of S. frugiperda to teflubenzuron. The resistance of the selected strain 
of S. frugiperda to teflubenzuron was characterized as polygenic, autosomal, and incompletely recessive. The resistance 
ratio observed was nearly 1,365-fold. Teflubenzuron-resistant strain showed cross-resistance to lufenuron and novaluron, 
but not to chlorfluazuron. We also detected a set of 72 SNPs that could support monitoring of the resistance frequency to 
teflubenzuron in field populations. Our data contribute to the understanding of the resistance mechanisms and the inherit-
ance of resistance of S. frugiperda to benzoylureas. We also contribute with candidate markers as tools for monitoring the 
emergence and spread of teflubenzuron resistance in S. frugiperda.
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Key message

• S. frugiperda resistance to teflubenzuron is polygenic, 
autosomal, and incompletely recessive.

• No cross-resistance to chlorfluazuron was observed.
• Resistance of S. frugiperda to teflubenzuron is not asso-

ciated to chitin synthase mutation.
• We detected a set of SNPs that could support monitor-

ing of S. frugiperda resistance to teflubenzuron.

Introduction

Insect resistance evolution to insecticides and Bacillus 
thuringiensis (Bt)-genetically modified crops is of great 
concern to biologists, farmers, industry, and government 
agencies. The strong selection pressure impinged both by 
numerous insecticides sprays and the wide adoption of Bt-
crops increased resistance frequency in many agroecosys-
tems, especially in the successive crop systems used in the 
central Cerrado savanna region in Brazil (Carvalho et al. 
2013; Farias et al. 2014; Nascimento et al. 2016; Okuma 
et al. 2018; Bolzan et al. 2019; Lira et al. 2020).

The fall armyworm (FAW) Spodoptera frugiperda (J.E. 
Smith, 1797) (Lepidoptera: Noctuidae) is a polyphagous 
species native to American tropical regions which gained 
worldwide distribution after invading Africa a couple of 
years ago (Goergen et al. 2016). FAW is a serious pest 
of several economically important crops, such as maize 
(Cruz 1995), cotton (Santos 2007), and soybean (Bueno 
et al. 2011). Currently, Bt crops and insecticides are the 
main tactics in use for FAW management in the world 
(Assefa 2018).

Insecticides from the benzoylurea group, which were 
introduced in the early 1970s, act as chitin synthesis 
inhibitors (van Daalen et al. 1972). These insecticides have 
been successfully applied to control several pest species 
in the field. They have high acaricidal and insecticidal 
activity, exhibiting activity against immatures lepidopter-
ans, coleopterans, hemipterans, and dipterans (Yu 2015). 
Moreover, the low non-target effects of benzoylureas allow 
their use in association with other control strategies within 
well-designed integrated pest management programs (Bee-
man 1982; Oberlander and Silhacek 1998; Post and Vin-
cent 1973).

Initial studies on the evolution of resistance to chitin 
synthesis inhibitors under laboratory conditions failed in 
selecting resistant populations even after 20 generations 
of directed-selection pressure (Perng et al. 1988). How-
ever, their broad use increased the frequency of resistance, 

leading to evolution of field-evolved resistance of Plutella 
xylostella (Lepiodptera: Plutellidae) in China and Spodop-
tera litura (Lepidoptera: Noctuidae) in Pakistan (Ahmad 
et al. 2008; Lin et al. 1989), and the selection of resistant 
strains of Spodoptera frugiperda and Cydia pomonella 
(Lepidoptera: Tortricidae) under laboratory conditions 
(Sauphanor and Bouvier 1995; Nascimento et al. 2016).

The evolution of resistance in field conditions indicates 
that the selection pressure and the resistance frequency 
are high enough to allow the selection of resistant pheno-
types, resulting in the complete failure of the management 
strategies taken in place. The implementation of suitable 
management plans is required in order to maintain benzoy-
lureas available as a technology for pest control in areas 
where the resistance frequency is still manageable. The 
development of reliable and successful resistance man-
agement requires the adoption of pro-active strategies 
and the understanding of the resistance mechanism and 
its heritability in ways that could contribute to resistance 
monitoring programs.

Benzoylureas act as chitin synthesis inhibitors by interfer-
ing with the synthesis or deposition of chitin in the exoskel-
eton and other chitinous structures of insects (Merzendorfer 
and Zimoch 2003; Merzendorfer 2006). The exactly mode 
of action of benzoylureas has been debated as they were 
thought to indirectly affect chitin biosynthesis upon bind-
ing to sulfonylurea receptors, resulting in vesicle trafficking 
alterations; however, the role of the ABC transporter sul-
fonylurea receptor in chitin synthesis was arguable (Abo-
Elghar et al. 2004; Meyer et al. 2013). The use of bulk 
segregants mapping analysis to investigate the resistance 
mechanism of Tetranychus urticae (Acari: Tetranychidae) to 
the mite chitin synthesis inhibitor etoxazole led to the char-
acterization of resistance of field populations as monogenic 
and recessive (Van Leeuwen et al. 2012). The authors of 
that study also identified a single nonsynonymous mutation 
(I1017F) in chitin synthase 1 as the resistance mechanism, 
demonstrating the direct effect of this acaricide on chitin 
synthase (Van Leeuwen et al. 2012). Their proposition that is 
benzoylurea with insecticide activity could also target chitin 
synthase due to the similarities with etoxazole and led to 
the identification of a mutation at the same position for the 
isoleucine residue in the chitin synthase 1 in different insect 
species resistant to chitin synthesis inhibitors (Douris et al. 
2016; Fotakis et al. 2020).

Currently, benzoylureas as chlorfluazuron, diflubenzu-
ron, lufenuron, flufenoxuron, novaluron, triflumuron and 
teflubenzuron are used to control insects in soybean, cotton, 
and maize crops in Brazil (MAPA 2020). The high selection 
pressure caused by this group of insecticides has decreased 
the susceptibility of S. frugiperda to benzoylureas (Schmidt 
2002). For instance, FAW populations in central Brazil 
evolved resistance to lufenuron, carrying a high resistance 
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ratio, and an autosomal and polygenic inheritance of resist-
ance (Nascimento et al. 2016).

Teflubenzuron, 1-(3,5-Dichloro-2,4-difluorophenyl)-
3-(2,6-difluorobenzoyl) urea, has been used to control lepi-
dopterans, coleopterans, and dipterans larvae (Yu 2015), 
since the ovicidal and larvicidal activities of this product 
were first demonstrated (Ascher and Nemny 1984). Despite 
the efficacy of this insecticide in controlling insect pests, 
there are reports of insect resistance to teflubenzuron as early 
as in the 1980′s, such as for P. xylostella (Iqbal and Wright 
1997; Lin et al., 1989; Perng et al. 1988) and Spodoptera 
littoralis (Lepidoptera: Noctuidae) (Ishaa and Klein 1990). 
In Brazil, the increased number of control failures with 
pyrethroids, organophosphates, and benzoylureas (mainly 
lufenuron) early in 2000s stimulated the use of teflubenzuron 
to control S. frugiperda in cotton, maize, and soybean crops.

In this study, we characterized the genetic basis of resist-
ance of S. frugiperda to teflubenzuron. By selecting a resist-
ant strain, we (1) characterized the inheritance of resistance, 
(2) evaluated the cross-resistance to other chitin-synthesis 
inhibitors, and (3) used a genome scanning approach to iden-
tify genomic regions and single nucleotide polymorphisms 
(SNPs) associated to teflubenzuron resistance for further 
using them as molecular markers to monitor resistance evo-
lution in field conditions.

Material and methods

Insects

The susceptible S. frugiperda strain (Sf-ss) has been main-
tained on an artificial diet based on bean, wheat germ and 
casein (Kasten Junior et al. 1978) in the Arthropod Resist-
ance Laboratory (University of São Paulo, campus ESALQ, 
Brazil) without insecticide selection for 25 years. The resist-
ant strain (Tef-rr) was selected from field-collected larvae 
from maize fields from the state of Mato Grosso, Brazil 
(13°25′35.9″S; 58°38′17.84″W), during the 2014–2015 
crop season.

Selection of teflubenzuron‑resistant Spodoptera 
frugiperda strain

Selection for teflubenzuron resistance was carried out using 
the  F2 screen method proposed by Andow and Alstad (1998), 
since this method increases the likelihood of obtaining a 
resistant genotype. About 1,000 field-collected larvae were 
reared under controlled laboratory conditions (25 ± 2 °C; 
60 ± 10% RH; 14 h photophase) up to pupation. From the 
field-collected larvae, we isolated 33 individual couples 
(families). The progeny obtained for each family was reared 
under the same controlled conditions described before until 

adult emergence. Adults originating from these families, 
which correspond to a  F1 generation, were allowed to sib-
mate. All eggs laid from each family were collected. Then, 
120 larvae from each sib-mated line (i.e., from the  F2 genera-
tion) were used in insecticide bioassays. We used a common 
diet-overlay bioassay to select for teflubenzuron resistance 
at the diagnostic concentration of 10 µg  mL−1 of tefluben-
zuron  (Nomolt® 150, teflubenzuron 150 g/L, BASF S.A., 
São Paulo, Brazil), based on the concentration–response of 
the susceptible strain (Sf-ss) to this insecticide. The artifi-
cial diet (Kasten Junior et al. 1978) was poured into 24-well 
acrylic plates  (Costar®,  Corning®), and 30 µL/well of the 
diagnostic concentration of teflubenzuron in a water solu-
tion (v:v) containing 0.1% Triton X-100 was applied on the 
diet surface. The control diet was treated only with distilled 
water and 0.1% Triton X-100. Plates were kept under a lam-
inar flow hood for drying the diet surface, and each well 
was inoculated with one S. frugiperda third instar larva. We 
allowed larvae to feed for five days under controlled condi-
tions (25 ± 2 °C; 60 ± 10% RH; photophase of 14 h). After 
five days, we collected and transferred the surviving S. fru-
giperda larvae to plastic cups (100 mL) containing 50 mL of 
artificial diet for their rearing until pupation. All surviving 
individuals from the insecticide treatment were combined 
and used for successive selection rounds with increasing 
concentration of teflubenzuron from 10 to 560 µg  mL−1 of 
teflubenzuron for seven generations until the establishment 
of the teflubenzuron-resistant strain (Tef-rr).

Characterization of Spodoptera frugiperda 
resistance to teflubenzuron

The susceptible (Sf-ss) and resistant (Tef-rr) strains of S. 
frugiperda to teflubenzuron were subjected to concentra-
tion–response assays with five to 12 logarithmically spaced 
concentrations between 0.1 and 3,200 μg  mL−1 of tefluben-
zuron. Larval bioassays were conducted using the diet 
overlay assays earlier described. The lethal concentration 
50  (LC50) was estimated with Probit analysis (Finney 1971, 
1949) using the POLO software (Robertson et al. 2007). The 
resistance ratio of Tef-rr was calculated by dividing the  LC50 
of the Tef-rr by that of the Sf-ss strain.

Estimation of dominance levels

Newly emerged adults from the susceptible (Sf-ss) and 
resistant (Tef-rr) strains were reciprocally crossed: Tef-rr 
males × Sf-ss females (RC-1) and Tef-rr females × Sf-ss 
males (RC-2). Adults (10 couples/cage) were kept in PVC 
cages (20 cm high × 15 cm diameter) lined with paper to 
serve as substrate for egg laying. Adults were fed with a 10% 
honey solution that was replaced every other day. The prog-
enies obtained from each reciprocal cross (F1) were reared on 
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artificial diet until the third instar. Afterwards, third-instars 
from the reciprocal crosses were exposed to teflubenzuron 
using the diet-overlay assay explained before.

We estimated the dominance level of resistance from (Bour-
guet et al. 2000),

where MSS, MRR, and MRS are the mortalities of the Sf-ss, 
Tef-rr, and heterozygous strains, respectively, exposed to 
different concentrations of teflubenzuron. Values of D close 
to zero (D = 0) represent completely recessive inheritance, 
and values close to 1 (D = 1) represent completely dominant 
inheritance.

We also estimated dominance level by applying equation 
[2] (Stone 1968), where D is the degree of dominance and XF, 
XR, XS are the  LC50 values, respectively, for the heterozygote 
(offspring from reciprocal cross RC1 or RC2), Tef-rr and Sf-ss.

Genetic inheritance associated with teflubenzuron 
resistance in Spodoptera frugiperda

We used the method proposed by Roush and Daly (1990) and 
Tsukamoto (1983) to test the hypothesis that a single gene is 
responsible for teflubenzuron resistance of S. frugiperda. We 
backcrossed the offspring resulting from the twenty-mating 
pairs Tef-rr♂ × Sf-ss♀ (heterozygous) with individuals from 
the resistant strain Tef-rr. We performed diet-overlay bioas-
says, using eight concentrations of teflubenzuron as earlier 
described.

The possibility of monogenic inheritance was calculated 
by using the Chi-square test (Eq. 3) (Sokal and Rohlf 1969), 
where Ni is the mortality observed in backcrossed larvae at 
each concentration and ni is the number of individuals tested; 
q is the expected survival, and p is the expected mortality cal-
culated from the Mendelian model (Eq. 4) (Georghiou, 1969), 
where a is the mortality obtained for the parental strain Tef-
rr, and b is the mortality of the heterozygote derived from 
the reciprocal crosses (Tef-rr♂ x Sf-ss♀). The hypothesis of 
monogenic inheritance is rejected when the calculated Chi-
square is equal or higher than the tabulated Chi-square value, 
with 1 degree of freedom.

(1)D =
M
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M
RR
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SS
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2X
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pqni
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2

Cross‑resistance to other benzoylurea insecticides

Cross-resistance assays of the Tef-rr strain with three other 
benzoylureas were carried out using the diet-overlay bioas-
say earlier described utilizing commercial formulations of 
lufenuron  (Match®, 50 g/L, Syngenta, Basel, Switzerland), 
novaluron (Rimon  Supra®, 100 g/L, Syngenta), and chlorflu-
azuron (Atabron, 50 g/L, ISK Biosciences). For each insec-
ticide, we performed concentration–response bioassays for 
Tef-rr and Sf-ss as already described. Larval mortality was 
assessed five days after treatment, and larval mortality was 
characterized by larval unresponsiveness to stimulation with 
a fine brush or the occurrence of body malformations.  LC50 
values were estimated using the POLO software (Robertson 
et al. 2007).

Genetic crossings and sample selection for gDNA 
pool sequencing

The pool sequencing was designed to highlight potential 
markers associated with resistance. We established back-
crosses with the resistant strain (Tef-rr) and the offspring 
from the reciprocal crosses described above (RC-1 and 
RC-2), e.g., BC1 = (RC-1♂ x Tef-rr♀), BC2 = (RC-1♀ x 
Tef-rr♂), BC3 = (RC-2♂ x Tef-rr♀), BC4 = (RC-2♀ x Tef-
rr♂). Each backcross was split in two groups of insects: (1) 
individuals randomly collected (BC-random) and (2) indi-
viduals that survived the selection pressure by exposure to 
the diagnostic concentration of 10 µg teflubenzuron/mL 
(BC-selected) (Fig. 1).

DNA extraction and sequencing

DNA was extracted from nine larvae from each parental 
line, Tef-rr (resistant), and Sf-ss (susceptible), and from 
both groups of each backcross BC1, BC2, BC3, and BC4. 
Larval genomic DNA was obtained with the modified 
CTAB method (Doyle 1991). Briefly, 50 mg of tissue from 
each individual larva was macerated in 650 μL of extrac-
tion buffer containing 2% cetyltrimethyl ammonium bro-
mide (CTAB), 1.4 M NaCl, 100 mM tris(hydroxymethyl)
aminomethane (Tris–HCl) at pH 8.0, 20 mM ethylenedi-
aminetetraacetic acid (EDTA) at pH 8.0, 1% polyvinylpyr-
rolidone, 0.2% β-mercaptoethanol, and 20 µL of protein-
ase K (0.1 μg·mL−1). Samples were incubated at 55 °C for 
1 h, added with 650 μL of chloroform: isoamyl alcohol 
(24:1), and mixed until emulsion. Samples were centri-
fuged (14,000 g × 5 min × 4 °C), and then the supernatant 
was collected and transferred to new tubes, where 200 μL 
of the same extraction buffer (minus the β-mercaptoethanol 
and proteinase K) was added followed by the addition of 
the same volume of chloroform: isoamyl alcohol (24:1). 
The emulsion was thoroughly vortexed, centrifuged 
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Fig. 1  Experimental design, pool sequences, and snp-calling pileline
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(14,000 g × 5 min × 4 °C), and the supernatant collected; we 
repeated this process 3 times. Samples were combined with 
650 μL of cold isopropanol and incubated at −20 °C over-
night before centrifugation (14,000 g × 5 min × 4 °C). The 
pelleted DNA was washed twice with 1 mL of 70% ethanol. 
The pellet was dried at room temperature, resuspended in 
40 µL TE and Rnase A (10 μg  mL−1), and stored at −20 °C 
until further analyses. Genomic DNA was evaluated quanti-
tatively with a Qubit fluorometer (Thermo Fisher Scientific, 
USA) and checked for degradation with agarose gel electro-
phoresis. Finally, 7 ng of DNA from each one of nine larvae 
were combined into a single tube for each treatment.

Briefly, we sheared total pooled DNA into ~ 300–400 bp 
fragments in an ultrasonicator and used it to build sequenc-
ing libraries with the NEBNext Ultra DNA library prep kit 
(New England Biolabs), according to the manufacturer’s 
instructions. The whole genome (WGS) for each pool was 
sequenced in a Miseq platform (Illumina, Inc., San Diego, 
CA, USA) at the Molecular and Cellular Imaging Center at 
the Ohio State University.

Sequencing data processing

The quality of raw paired-end reads was assessed using 
FastQC (Andrews et  al. 2015), and reads were filtered 
using BBmap (http:// jgi. doe. gov/ data- and- tools/ bbtoo ls) 
by excluding nucleotides with a Phred quality score < 30 
from subsequent analyses. Afterwards, the filtered reads 
were mapped against the S. frugiperda pseudo-genome 
assembly available at BIPAA—Bioinformatics Platform 
for Agroecosystem Arthropods (https:// bipaa. genou est. org/ 
sp/ spodo ptera_ frugi perda_ pub/), using the BWA-MEM (Li 
and Durbin 2010). Alignment files were converted to SAM/
BAM files using SAMtools (Li 2011). Alignment in BAM 
format from the BC1-random, BC2-random, BC3-random, 
and BC4-random were combined on a single BAM file 
(BC-random), whereas BC1-selected, BC2-selected, BC3-
selected, and BC4-selected were combined on a single BAM 
file (BC-treated). Read alignments with PCR duplicates were 
removed using the MarkDuplicates from Picard software 
(https:// broad insti tute. github. io/ picard/), and SNP calling 
was performed using freebayes (Garrison and Marth 2012). 
SNPs called were subject to quality filters (quality score > 20 
and depth > 10) using the programs Vcftools (Danecek et al. 
2011) and Vcffilter (Müller et al. 2017).

Analyses

The vcfR package was used to visualize and manipulate the 
vcf format. The global FST was calculated for all SNPs using 
the R package PoolFstat. Tajima’s π and D were calculated 
for each pooled DNA sample in a 5 kb sliding window with a 

5 kb step size for each comparison group using Popoolation 
v.1.2.2 (Kofler et al. 2011).

Candidate SNPs associated with the resistance of S. fru-
giperda to teflubenzuron were identified using a population 
genomics-based approach, which uses the genetic differen-
tiation between the pools to identify genomic regions poten-
tially targeted by selection (Pool-GWAS).

For the population genomics-based approach, SNP 
count data were analyzed using two different implementa-
tions of the bayesian hierarchical models available in the 
Baypass version 2.2 (Gautier 2015). First, we applied the 
core model (Coop et al. 2010; Nicholson et al. 2002) to 
identify loci with significant allele frequency differences. 
This method is equivalent to the methods that search for 
loci with higher intra-locus FST. However, in this model a 
variance–covariance matrix of population allele frequencies 
(Ω matrix) that works as a kinship matrix is used to control 
for population structure. Controlling for population structure 
reduces the likelihood of spurious association between the 
marker and the phenotype. This method is covariate-free 
and was expanded to include the calibration of the XtX sta-
tistics as proposed by Günther and Coop (2013). Second, 
we employed the STD model representing an extension of 
core model, which allows the evaluation of the association 
of SNP allele frequency with covariates (Gautier 2015). For 
the covariate model, we conducted two independent analy-
sis: (1) using the  LC50 as covariate, and (2) using the mor-
tality obtained with the diagnostic concentration for each 
bulk (susceptible, resistant, and the BC-random and BC-
treated) as a covariate. Because we performed the analysis 
with the two backcrosses-derived and the parental pools, 
both genome scans (the FST-like method and the covariate 
association method) were insensitive to the identification 
of false positive associations between the markers and the 
phenotype. These methods are prone to the identification of 
the strongest signal that might highlight higher differences 
mostly associated with demography and drift (because the 
resistant and the susceptible populations share a common 
ancestor many generations ago), not with selection. The 
identification of true positives can be done with the identi-
fication of SNPs in linkage disequilibrium with the causal 
gene in the pool that was subjected to selection (BC-treated), 
and in loci that present allele frequency differences between 
the BC before and after selection.

Functional annotation and identification of putative 
markers associated with the resistant phenotype

Annotation of loci associated with SNPs was proposed using 
the gff file available for the S. frugiperda genome (https:// 
bipaa. genou est. org/ sp/ spodo ptera_ frugi perda_ pub/) using 
SnpEff (Cingolani et al. 2012). Genes with no functional 
annotation in the available genome were annotated after 

http://jgi.doe.gov/data-and-tools/bbtools
https://bipaa.genouest.org/sp/spodoptera_frugiperda_pub/
https://bipaa.genouest.org/sp/spodoptera_frugiperda_pub/
https://broadinstitute.github.io/picard/
https://bipaa.genouest.org/sp/spodoptera_frugiperda_pub/
https://bipaa.genouest.org/sp/spodoptera_frugiperda_pub/
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heuristic search using the BLASTx algorithm against the 
non-redundant protein database available at the NCBI.

Results

Characterization of teflubenzuron resistance 
in Spodoptera frugiperda

Eleven out of the 33 lines of the  F2 generation subjected 
to selection yielded survivors and were considered to carry 
resistance traits. The high resistance traits selected in the 
teflubenzuron-resistant strains were observed by comparing 
the concentration response curves of the Tef-rr against the 
Sf-ss and their backcrosses (Fig. 2), and the obtained values 
of  LC50. The  LC50 for the resistant Tef-rr (641.47 μg  mL−1; 
IC = 213.05–2,748.81  μg   mL−1) was nearly 1,365-fold 
the  LC50 for the susceptible Sf-ss strain (0.47 μg  mL−1; 
IC = 0.35–0.63 μg  mL−1). Both Sf-ss (P = 0.02) and Tef-rr 
(P = 0.03) showed no evidence of distortion at χ2 > 0.01, 

indicating a good fit to the probit inheritance model of resist-
ance (Table 1).

Bioassays with progenies of the two reciprocal crosses 
showed no significant differences, since there was an over-
lap of 95% CI of the  LC50 values (Table 1). Therefore, 
the hypothesis of parallelism was not rejected (P = 0.247, 
df = 1). The overlap of the confidence intervals indicated that 
inheritance of teflubenzuron resistance of S. frugiperda is 
autosomal, and not related to maternal effects or sex linked.

The dominance values for the reciprocal crosses of the 
offspring estimated following Stone (1968) were 0.32 (Tef-
rr♂ × Sf-ss♀) and 0.29 (Tef-rr♀ × Sf-ss♂). The dominance 
level estimated using the Bourguet-Genissel-Raymond 
method showed decreased dominance with increased tef-
lubenzuron concentrations (Fig. 3). In both cases, tefluben-
zuron resistance of S. frugiperda was shown to have an 
incompletely recessive inheritance.

The direct hypothesis test for monogenic inheritance 
of the teflubenzuron resistance of S. frugiperda based on 
larval mortality of the  F1 × Tef-rr backcross was significant 
(P < 0.01) for concentrations between 1 and 10 μg  mL−1. 

Fig. 2  Log concentration–probit 
of susceptible (Sf-ss) and resist-
ant (Tef-rr) S. frugiperda strains 
and progenies of reciprocal 
crosses between susceptible and 
resistant strains

Table 1  Concentration—
mortality to teflubenzuron of 
susceptible (Sf-ss) and resistant 
(Tef-rr) S. frugiperda strains 
and progenies of reciprocal 
crosses between Sf-ss and Tef-rr 
strains

*Slopes followed by the same letter in the columns do not differ significantly for test of parallelism
**df = degrees of freedom
***Resistance ratio (RR) =  LC50 of resistant strain/LC50 of susceptible strain

Strains n Slope ± SE* LC50 (95% CI)
(µg AI  mL−1)

χ2 df** RR***

Sf-ss 715 3.07 ± 0.24a 0.47(0.35–0.63) 11.630 4 –
Tef-rr 840 0.64 ± 0.09c 641.47 (213.05–2,748.81) 10.590 4 1,364.83
Tef-rr♂ vs Sf-ss♀ 936 2.05 ± 0.14b 4.88 (3.58–6.31) 8.054 5 10.38
Tef-rr ♀ vs Sf-ss ♂ 983 2.29 ± 0.17b 3.94 (3.13–4.78) 7.604 6 8.38
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This result allows the rejection of the hypothesis that tef-
lubenzuron resistance in the selected strain is monogenic 
(Table 2).

Cross‑resistance

Both susceptible and teflubenzuron-resistant strains were 
tested against chlorfluazuron, lufenuron, and novaluron 
(Table 3). Teflubenzuron-resistant strain showed some cross-
resistance to lufenuron (121.7-fold) and novaluron (75.8-
fold), but no cross-resistance of the Tef-rr strain to chlorflu-
azuron (fourfold) was detected (Table 3).

Genome‑scan of Tef‑rr and Sf‑ss strains 
of Spodoptera frugiperda

The sequencing of the pooled WGS libraries generated 220 
million high-quality paired-end reads after adapter removal 
and quality trimming. The read mean length was 229 bp 
and the maximum length was 300 bp, resulting in paired-
end fragments with an average of 429 bp in length, with an 
estimated coverage of 108-fold (Table S1). After mapping 
and filtering the reads against the S. frugiperda reference 
genome, 890,209 SNPs were called.

The global genetic differentiation among the resist-
ant, the susceptible and the two backcrosses samples were 
moderate and significant (FST = 0.10169 with 95% CI of 
0.10138–0.10205). The pairwise measurements between 
BC-random and BC-treated showed that both backcross 
pools were virtually identical (FST = − 0.01454 95% CI of 
− 0.0146–0.01442). However, the pairwise FST between 
Sf-ss and Tef-rr was high (FST = 0.37581 with 95% CI 
of 0.37489–0.37684). Genetic differentiation was also 
high between Sf-ss and BC-random (FST = 0.20461 with 
95% CI of 0.20394–0.20532), and Sf-ss and BC-treated 
(FST = 0.21186 with 95% CI of 0.21116–0.21253) (Figure 
S2).
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Fig. 3  Level of dominance of S. frugiperda resistance as a function of 
teflubenzuron concentration

Table 2  Chi-square analysis of the mortality data from backcross 
between the progeny of reciprocal cross (Tef-rr♂ x Sf-ss♀) and Tef-rr 
S. frugiperda strain (F1 progeny) exposed to different concentrations 
of teflubenzuron

Concentra-
tion µg AI 
 mL−1

Expected mor-
tality

Observed 
mortality

χ2 (df = 1) P

1 1.042 5.042 18.47  < 0.00001*
3.2 21.677 9.574 8.10 0.0044*
10 44.167 22.222 14.06 0.0001*
32 49.167 48.958 0.001 0.9674
100 64.600 68.750 0.72 0.3951
320 70.795 78.125 2.49 0.1142
1000 80.530 82.291 0.19 0.6629

Table 3  Cross-resistance of 
S. frugiperda-resistant strain 
(Tef-rr) to benzoylphenylureas 
insecticides

a df = degrees of freedom
b Resistance ratio (RR) =  LC50 of resistant strain/LC50 of susceptible strain

Strains Insecticide n Slope ± SE LC50 (95% CI)
(µg AI  mL−1)

χ2 dfa RRb

Sf-ss Teflubenzuron 715 3.07 ± 0.24 0.47(0.35–0.63) 11.63 4 –
Lufenuron 963 1.99 ± 3.13 0.23 (0.17–0.29) 11.94 4 –
Novaluron 696 2.60 ± 0.30 0.35 (0.23–1.73) 9.33 3 –
Chlorfluazuron 1029 1.20 ± 0.07 0.15(0.11–0.20) 11.91 6 –

Tef-rr Teflubenzuron 840 0.64 ± 0.09 641.47 (213.05–2748.81) 10.59 4 1,364.8
Lufenuron 739 2.36 ± 0.16 28.01 (14.00–45.05) 40.65 5 121.7
Novaluron 659 2.05 ± 0.24 26.53 (21.96–31.70) 2.51 4 75.8
Chlorfluazuron 0.63 (0.24–1.04) 0.84 4 4.2
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The variation within the sliding window estimates for π 
resulted in nucleotide diversities of 0.0192, 0.0285, 0.0336, 
and 0.0337, respectively, for the Sf-ss and Tef-rr strains 
and their backcrosses. We identified genomic regions with 
reduced diversity when comparing the Sf-ss and Tef-rr 
strains. Large genomic regions with reduced diversity were 
observed when comparing the resistant and the susceptible 
strains (Tajima’s π < 0.002), including 600 scaffolds from S. 
frugiperda genome. Regions of low nucleotide diversity can 
be observed in Table S3.

The total number of SNPs called was narrowed to 9,161 
after the application of XtX statistics (XtX P-value < 0.001) 
with evidence of divergent selection. We also identified 
4,120 SNPs with eBF > 3 db, supporting a moderate evi-
dence of association. Four SNPs exceeded the threshold for 
strong evidence of association with  LC50 values according 
to the Jeffreys’ rule, whereas 38 SNPs supported moderate 
evidence of association with mortality using the diagnos-
tic concentration as variable. Finally, 537 SNPs overlapped 
with both the neutrality model and the association with envi-
ronmental variables model (Figure S4), distributed in 232 
scaffolds.

Scaffold annotation indicated that most of the vari-
ants under selection were located in intergenic (47%) and 
regulatory regions (downstream regions—18%; upstream 

regions—18%), with 2% presenting missense effect (Fig-
ure S5). GO terms distribution demonstrated an impressive 
number of variants on processes related to primary metabo-
lism, metabolism of organic compounds, and components 
of membrane (Figure S4). We identified 19 SNPs with non-
synonymous effects (Table 4), distributed in 19 scaffolds. 
Most of the variants are in regulatory regions (Table 5).

Discussion

In the present study, we selected a strain highly resistant (≈ 
1,365-fold) to teflubenzuron from a field-collected popula-
tion of S. frugiperda in the state of Mato Grosso, Brazil. 
Teflubenzuron resistance was found to be polygenic, incom-
pletely recessive with an autosomal mode of inheritance. 
Spodoptera frugiperda resistant to teflubenzuron showed 
evidence of cross-resistance to lufenuron and novaluron, 
but not to chlorfluazuron.

The pattern of genetic inheritance of S. frugiperda resist-
ance to teflubenzuron is similar and common to lepidopteran 
species resistant to several insecticides and Bt toxins, e.g., 
Dipel resistance and Cry1Ab resistance in Ostrinia nubila-
lis (Lepidoptera: Crambidae) (Huang et al. 1999), and in S. 
frugiperda resistance to lufenuron (Nascimento et al. 2016), 

Table 4  Missense mutation under selection in S. frugiperda resistant to teflubenzuron

Scaffold Position Nucleotide 
modifica-
tion

Protein modification Gene Description

pseudoscaff_1708 178,922 A2228G Asn743Ser GSSPFG00030930001 GATA zinc finger domain-containing protein 
14-like

pseudoscaff_3427 17,439 T1358C Val453Ala GSSPFG00031119001.2 Cytochrome CYP340AB1
pseudoscaff_3907 6057 C616T Pro206Ser GSSPFG00030391001 Nose resistant to fluoxetine 6-like
pseudoscaff_653 4817 C764T Ser255Leu GSSPFG00012677001 Cuticle CPG4855
pseudoscaff_957 60,700 T731A Met244Lys GSSPFG00023674001 Probable serine threonine- kinase kinX
pseudoscaff_1765 469,701 T644G Leu215Arg GSSPFG00027555001 Serine protease
pseudoscaff_3391 127,787 C2146T Pro716Ser GSSPFG00003324001 Uncharacterized protein LOC110384046 isoform 

X1
pseudoscaff_3689 183,291 C518T Thr173Met GSSPFG00005692001.1 Uncharacterized protein LOC110370494
scaffold_168 131,785 C1496T Pro499Leu GSSPFG00028493001 UPF0061 Pfl01_0444-like
pseudoscaff_2533 256,404 G200C Trp67Ser GSSPFG00005566001 Unknown
pseudoscaff_3278 1521 C971A Thr324Asn GSSPFG00015719001 rho GTPase-activating 11A-like
pseudoscaff_1247 66,548 C203T Thr68Ile GSSPFG00033321001.3 Chemosensory ionotropic receptor IR40a
pseudoscaff_1409 38,337 G160A Ala54Thr GSSPFG00025253001 sid 3
pseudoscaff_1573 23,130 T428G Leu143Trp GSSPFG00009731001 Peptidyl-tRNA hydrolase mitochondrial-like
pseudoscaff_2560 3374 C2099T Thr700Met GSSPFG00009517001.3 Ubiquitin carboxyl-terminal hydrolase 36 isoform 

X1
superscaffold_605 216,090 C341T Pro114Leu GSSPFG00011282001 Alpha-1,3/1,6-mannosyltransferase ALG2
pseudoscaff_3041 7075 C1067T Ala356Val GSSPFG00001156001 Serpin B8-like
pseudoscaff_2143 20,100 G833A Arg278Lys GSSPFG00012527001 Eukaryotic initiation factor 4A-III
pseudoscaff_3248 90,010 T754C Cys252Arg GSSPFG00017635001 Spindle assembly abnormal 6 homolog
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Table 5  Candidate SNPs on downstream, upstream, intronic, and splice regions

Scaffold Nucleotide modification Region of variant Functional description

pseudoscaff_1297 A22203C Downstream Protein charybdis-like
pseudoscaff_1307 A232656G Downstream Insulin-like precursor polypeptide 2
pseudoscaff_1362 G67863C Downstream U4 tri-snRNP-associated 1 isoform X2
pseudoscaff_1648 C137023A Downstream Alpha-tubulin N-acetyltransferase-like isoform X2
pseudoscaff_1648 C137251T Downstream Alpha-tubulin N-acetyltransferase-like isoform X2
pseudoscaff_1775 T199512C Downstream Transcription initiation factor IIA subunit 2
pseudoscaff_2258 G33649A Downstream Methyltransferase-like 26
pseudoscaff_2598 C12345T Downstream Allatostatin-A receptor
pseudoscaff_2606 G19017A Downstream Acyl-desaturase
pseudoscaff_2896 T22770C Downstream Insulin-like growth factor-binding complex acid labile 

subunit isoform X3
pseudoscaff_3278 C1521A Downstream F-box only 11
pseudoscaff_3604 T173487C Downstream homeobox orthopedia-like isoform X2
pseudoscaff_3799 A16059G Downstream E3 ubiquitin-protein ligase MARCH1-like isoform X1
pseudoscaff_4151 G20990A Downstream STAGA complex 65 subunit gamma-like
pseudoscaff_4151 C21023T Downstream STAGA complex 65 subunit gamma-like
scaffold_168 G131785A Downstream DNA repair and recombination RAD54-like
superscaffold_161 T93320C Downstream Beclin 1-associated autophagy-related key regulator
pseudoscaff_1108 C68071T Intron Gamma-aminobutyric acid type B receptor subunit 1-
pseudoscaff_1494 T585C Intron Paraplegin
pseudoscaff_1648 A135286C Intron Alpha-tubulin N-acetyltransferase-like isoform X2
pseudoscaff_1648 A126799G Intron Alpha-tubulin N-acetyltransferase-like isoform X2
pseudoscaff_1877 C65279T Intron EH domain-containing 3
pseudoscaff_2418 T62036G Intron G-coupled receptor Mth2-like
pseudoscaff_2486 C31733G Intron scm-like with four MBT domains 2
pseudoscaff_2598 G6055A Intron Allatostatin-A receptor
pseudoscaff_26 T40740A Intron Guanylate cyclase
pseudoscaff_4046 A194050T Intron Probable 3-hydroxyacyl-dehydrogenase isoform X2
pseudoscaff_838 T36912C Intron UDP-glucuronic acid decarboxylase 1 isoform X1
pseudoscaff_10 G53445T Splice_region Eukaryotic translation initiation factor 3 subunit
pseudoscaff_1095 G68217A Upstream BTB/POZ domain-containing protein 6-B
pseudoscaff_1230 G44162C Upstream Coup transcription factor
pseudoscaff_1244 T24415C Upstream Small GTPase Rab4b
pseudoscaff_1282 A22175T Upstream Cytochrome P450 337B3v2
pseudoscaff_1394 A541334T Upstream Cytochrome P450 CYP321A9
pseudoscaff_1456 C16151G Upstream Probable phosphatase 2C
pseudoscaff_1648 T166815C Upstream Tyrosine-kinase
pseudoscaff_165 A42337G Upstream Mannose-1-phosphate guanyltransferase beta
pseudoscaff_1745 T20426C Upstream Pancreatic triacylglycerol lipase-like
pseudoscaff_2012 G288294A Upstream Aldo-keto reductase
pseudoscaff_2143 G20100A Upstream DDB1- and CUL4-associated factor 10 isoform X2
pseudoscaff_215 T100348A Upstream Disks large 1 tumor suppressor isoform X6
pseudoscaff_2153 A41682T Upstream Chromatin modification-related eaf-1-like isoform X1
pseudoscaff_2411 A307493G Upstream ADP-ribosylation factor 6-interacting 4
pseudoscaff_3028 G39454A Upstream Exocyst complex component 8
pseudoscaff_3790 A99724T Upstream UDP-glucose 4-epimerase-like
pseudoscaff_3799 A16059G Upstream Eukaryotic translation initiation factor 6
pseudoscaff_4013 A27061G Upstream ras-related Rab-39B
pseudoscaff_4148 C20818T Upstream Triosephosphate isomerase
pseudoscaff_597 T129616A Upstream Eukaryotic translation initiation factor 2A
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spinosad (Okuma et al. 2018), and spinetoram (Lira et al. 
2020).

The inheritance mechanism of teflubenzuron resistance 
was influenced by insecticide concentration. At lower con-
centrations, resistance inheritance assumes incompletely 
dominant features, but at higher concentrations it becomes 
incompletely recessive. The higher concentration is close 
to the recommended concentration currently used in field 
applications for S. frugiperda control. In resistance manage-
ment, the level of dominance is a variable feature, resulting 
not only from the genetic background, but also from the 
interaction between phenotypes and environmental condi-
tions (Bourguet et al. 2000). The level of dominance is one 
of the most important features for successful IRM (Lenor-
mand and Raymond 1998), since the frequency of resistant 
insects can be related to the level of dominance. But if resist-
ance inheritance is recessive, the evolution of resistance is 
delayed because the resistant phenotype is present only in 
homozygotes, and the alleles that confer resistance are rare 
(Ffrench-Constant 2013). However, the use of lower con-
centrations than the level recommended for field application 
helps to maintain heterozygous individuals in the system 
and increases the frequency of the resistant alleles within 
the population. Thus, the continued exposure to the selec-
tion pressure (teflubenzuron applications) favors the rapid 
increase of individual resistance, leading to a concomitant 
increase in the likelihood of heterozygous mating, and an 
ultimate production of resistant homozygotes.

The significant deviation between the observed and 
expected mortalities for the offspring of the resistant–sus-
ceptible backcrosses in three concentrations of teflubenzu-
ron indicates that resistance is anchored on more than one 
gene. Multiple genes with additive and quantitative effects 
can also lead to the generation of resistance features, and 
it has been difficult to identify a specific gene or genetic 
marker associated with such evolutionary process in these 
cases. The polygenic nature of resistance of S. frugiperda to 
teflubenzuron agrees with the resistance characterized for 
another strain of this insect to the benzoylurea lufenuron 
(Nascimento et al. 2016).

The cross-resistance of teflubenzuron-resistant insects to 
lufenuron and novaluron may be related to strong selection 
of insects with overexpression of the detoxification genes, 
such as cytochrome P450 (CYP), glutathione S-transferases 

(GSTs), UDP-glucosyltransferases (UGTs), and esterases 
(CCEs) (Nascimento et al. 2015). These genes are largely 
associated with detoxification of xenobiotics in several lepi-
dopteran species. Therefore, selection of these genes within 
these superfamilies may be responsible for the evolution 
of resistance to different insecticide compounds within the 
same IRAC group.

The lack of cross-resistance detected to chlorfluazuron 
as compared to the high cross-resistance levels observed 
toward lufenuron and novaluron agrees with data available 
on cross-resistance among different benzoylurea compounds. 
Cross-resistance to benzoylureas with other chemical com-
pounds was also reported to C. pomonella (Sauphanor 
and Bouvier 1995; Sauphanor et al. 1998, 2000; Stará and 
Kocourek 2007). Chlorfluazuron cross-resistance to other 
benzoylureas, when detected, is very low (cross-resistance 
to teflubenzuron = 9.9-fold) (Fahmy et al. 1991). The lack 
of cross-resistance of other benzoylureas to chlorfluazuron 
is likely linked to the higher toxicity and delayed excretion 
of chlorfluazuron (Gazit et al. 1989; Guyer and Neumann 
1988), but mostly due to the structural nature of this com-
pound. Insect resistance to benzoylureas has been reported 
to occur due to the overexpression of cytochrome P450 
monooxygenases (P450) (Bogwitz et al. 2005a, b) or site 
mutations in the chitin synthase gene (Douris et al. 2016; 
Fotakis et al. 2020; Suzuki et al. 2017). In one particu-
lar case, resistance of a natural population of Drosophila 
melanogaster to the benzoylurea lufenuron due to the over-
expression of a P450 (Cyp6g1) has evolved as a result of 
cross-resistance to chemical compounds this fly commonly 
encounters in nature (Daborn et al. 2002; Wilson and Cain 
1997). But chlorfluazuron resistance of a highly resistant 
(resistance ratio > 2,000-fold) strain of P. xylostella was not 
affected when using the synergist piperonyl butoxide (PBO), 
a P450 inhibitor (QingJun et al. 1997). Although PBO had 
been previously shown to reduce the resistance ratio of a 
chlorfluazuron selected strain of P. xylostella (resistance 
ratio = 50-fold) to 4.3-fold, it was suggested the microso-
mal enzymes acting on this pesticide might be different from 
other benzoylurea compounds (Ismail and Wright, 1992). In 
fact, glutathione-S-transferases were later suggested to play 
a role in P. xylostella resistance to chlorfluazuron (Sonoda 
and Tsumuki 2005). However, other evolutionary events, 
such as gene duplication, could be alternative or additional 

Table 5  (continued)

Scaffold Nucleotide modification Region of variant Functional description

pseudoscaff_597 T58764A Upstream MRN complex-interacting
pseudoscaff_838 T36912C Upstream Multidrug resistance-associated 4-like
scaffold_15106 T1653C Upstream Steroidogenic acute regulatory-like isoform X1
scaffold_4023 A1781G Upstream E3 ubiquitin-ligase RNF13 isoform X3
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adaptations routes, resulting in the overexpression and/or 
neofunctionalization of cytochrome P450s (Zimmer et al. 
2018).

Several candidate SNPs showed signals of strong positive 
selection, supporting the polygenic nature of the resistance 
of S. frugiperda to teflubenzuron. Although resistance of 
insects to benzoylureas has been associated with site muta-
tions in chitin synthase (Douris et al. 2016; Fotakis et al. 
2020; Suzuki et al. 2017), the resistant population of S. fru-
giperda analyzed did not display any missense variants in 
this gene. Missense variants were identified in two other 
genes. One is up-regulated in a chlorantraniliprole-resistant 
strain of S. exigua, the cytochrome P450 monooxygenase 
Cyp340AB1 (Wang et al. 2018). The other is the cuticular 
protein CPG4855, a gene that participates in the forma-
tion of the larval and pupal endocuticle in S. exigua (Jan 
et al. 2017). Although P450 enzymes have been implicated 
in the metabolization of several pesticides, including ben-
zoylureas, as earlier discussed, we do not believe the resist-
ance mechanism of S. frugiperda to teflubenzuron would be 
associated with a point mutation in the Cyp340AB1 gene, 
a P450 belonging to the CYP4 clan. The Cyp genes mostly 
commonly involved in the metabolization of xenobiotics, 
including insecticides, belongs to the family Cyp6 of the 
CYP3 Clan of P450 enzymes (Feyereisen 2012), as the 
Cyp6g1 gene previously reported in lufenuron-resistant D. 
melanogaster (Daborn et al. 2002; Wilson and Cain 1997). 
On the other hand, the site mutation in the cuticular protein 
CPG4855 could have a close association with the resistance 
mechanism observed in S. frugiperda to teflubenzuron, once 
RNAi experiments targeting cuticular proteins demonstrated 
association of these genes and insects resistant to insecti-
cides (Fang et al. 2015; Huang et al. 2018).

The resistance of S. frugiperda to teflubenzuron was 
found to be polygenic, and as such much more likely to 
involve mechanisms of regulation of gene expression, as 
reported to other benzoylurea-resistant insects. In fact, 
several polymorphic SNPs were detected upstream (within 
5 Kb of the start codon) and downstream (within 5 Kb of the 
stop codon) of gene regions, including intronic regions of 
the genome. These SNP variations might be responsible for 
modifications leading to regulation of gene expression and 
protein function. In humans, GWAS analysis demonstrated 
that more than 90% disease-associated SNPs were located 
up and downstream (promoter and enhancer regions) gene 
regions or even in non-coding regions of the genome (Hin-
dorff et al., 2009; Hrdlickova et al. 2014; Ricaño-Ponce and 
Wijmenga 2013).

Annotation allowed the identification of several upstream, 
downstream, and intron variants in genes associated with 
several biological processes besides biological regulation 
and regulation of cellular processes. These annotation results 

point to multiple gene interactions and regulation playing 
decisive roles in insecticide resistance.

Thus, the high number of SNPs in genomic regions 
involved in mechanisms that interfere with the regulation of 
gene expression of a number of genes involved in processes 
of metabolization and excretion of xenobiotics are thought 
to serve as candidate molecular markers for monitoring the 
polygenic teflubenzuron-resistant phenotypes in the field. 
These candidates involve the multidrug resistance-associated 
protein 4 or ATP-binding cassette subfamily C member 4 
(ABCC4), a transmembrane protein involved in the efflux of 
organic compounds from cells (Hardy et al. 2019), includ-
ing xenobiotics in insects (Labbé et al. 2011). ABCCs can 
be functionally diverse, but they are capable to translocate 
a range of organic xenobiotics including insecticides, and 
have been involved in insecticide resistance mechanisms in 
insects and drug resistance in humans (Dermauw and Van 
Leeuwen 2014). Moreover, ABCC transporters act in syn-
ergy with glutathione-S-transferases (GSTs) and UDP-glu-
cosyltransferases (UGTs) which are enzymes acting in phase 
II of detoxification. In humans, the synergy of ABCCs, 
GSTs, and UGTs confer resistance to drugs and carcinogens 
(Dermauw and Van Leeuwen 2014).

G-protein-coupled receptors (GPCRs) play a central role 
in cell signaling as receptors of neuromodulators, neuro-
transmitters, hormones and neuropeptides. GWAS analysis 
for the identification of SNPs in the teflubenzuron-resistant 
strain of S. frugiperda identified variants in genomic regions 
that can interfere with gene expression of a GPCR belong-
ing to the methuselah (mth) subfamily of the secretin fam-
ily. Methuselah is a secretin receptor reported to be insect-
specific. Mth play a role in several biological processes in 
insects, such as stress response, regulation of fluid and ion 
secretion, and longevity, among others (Araújo et al. 2013). 
An exploration of GPCRs in Tribolium castaneum indicated 
mth is also important for larval molt and metamorphosis 
(Bai et al. 2011). Moreover, mth gene mutation led D. mela-
nogaster to become tolerant to dichlorvos (Pandey et al., 
2015), but insect response to insecticide exposure was also 
altered with changes in the levels of mth expression (Cao 
et al. 2019; Li et al. 2015; Lucas et al. 2019; Ma et al. 2020). 
Similarly to the early discussed synergism of ABCCs and 
phase II conjugation enzymes in insect response to insecti-
cide exposure, mth is co-expressed with the phase I detoxi-
fication P450 enzymes, contributing to insect resistance to 
insecticides (Cao et al. 2019; Li et al. 2015).

The selection of a strain of S. frugiperda highly resist-
ant to teflubenzuron, the identification of cross-resistance 
to lufenuron and novaluron, and the use of genome wide 
association analysis led us to identify several candidate 
molecular markers for monitoring resistance evolution to 
benzoylureas. Several SNPs identified in association with 
the teflubenzuron-resistant strain indicates that the polygenic 
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mechanism of resistance selected in the resistant strain of 
S. frugiperda is based on a dense and intricate network of 
co-expressing genes, of which many are important regula-
tory genes. The variation in the levels of cross-resistance 
observed for the different benzoylureas assayed against the 
teflubenzuron-resistant strain of S. frugiperda provides us 
with additional tools to investigate and understand the par-
ticular differences in the target sites of the many structural 
compounds sharing chitin synthesis inhibition as a mode 
of action. The well-defined mutation in the chitin synthase 
gene related to target site mutation resistance to benzoylu-
reas in arthropods (Van Leeuwen et al. 2012) and the several 
molecular marker candidates we added as sources of meta-
bolic resistance to benzoylureas can be strategically used 
for monitoring the resistance of S. frugiperda and for future 
implementation of successful insecticide resistance manage-
ment strategies.
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