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Abstract This study aimed to compare the susceptibil-
ity of tomato pinworm, Tuta absoluta, from four Bra-
zilian regions to insect growth disruptor (IGD) insecti-
cides by tomato leaf-dip bioassays. Larval mortality was
assessed seven days after exposure to insecticide-treated
leaves. The control failure likelihood (CFL) was esti-
mated after larval bioassays with IGDs recommended
label rate. Mortality data were subjected to Probit and
variance analysis. All populations of tomato pinworm
showed significant resistance to one or more insecti-
cides. The LC50 values ranged from 0.34 to 0.63 g L−1

(chlorfluazuron), 0.17 to 0.92 g L−1 (teflubenzuron),
0.13 to 1.28 g L−1 (novaluron), 0.29 to 0.46 g L−1

(lufenuron), and 0.71 to 4.60 g L−1 (methoxyfenozide).
The resistance ratios varied from 1.2 to 1.8-fold
(chlorfluazuron), 1.4 to 5.5-fold (teflubenzuron), 1.2 to
9.9-fold (novaluron), 1.0 to 1.6-fold (lufenuron), and 1.5
to 6.5-fold (methoxyfenozide). Despite the low resis-
tance ratios (< 10-fold), all populations showed low
mortality and CFL > 54%, indicating likely control fail-
ure at the IGD label rates. We detected significant
variations among populations of T. absoluta for activity
of enzymes glutathione S-transferases (GST), cyto-
chrome P450-dependent monooxygenases (MFO) and
α-esterase (EST), however there was no significant
difference between the populations for activity of β-

esterase (EST). The evolution of resistance in
T. absoluta populations to IGDs observed in this study
is likely due to high selection pressure, demanding
insecticide resistance management practices and envi-
ronmentally sustainable tactics to obtain a more effec-
tive control of this pest.
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Introduction

The tomato pinworm, Tuta absoluta (Meyrick) (Lepi-
doptera: Gelechiidae), is one of the most damaging pests
of tomato crops in the world. It was first reported in
Brazil in the beginning of the 1980s, but at the end of
this decade its presence was already reported in many
tomato production fields throughout the country. In the
American continent, it is predominantly present in the
southern hemisphere, but has also been reported in few
countries of Central America, and it is a quarantine pest
in North America (NAPPO 2013). It was first detected
in 2006 in Spain, and to date it is spread to the Medi-
terranean region, and European, African and Asian
countries (Desneux et al. 2011). It has recently reached
China, the world biggest tomato producer (Zhang et al.
2020). The most susceptible phenological stage of the
tomato crop to this pest is during the vegetative growth
when larvae of T. absoluta heavily damage leaves,
moving later to buds, branches, flowers, and fruits. In
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Brazil, this pest usually causes great losses (often
reaching 100%) as previously shown in other tomato-
producing areas around the world (Souza and Reis
1992), demanding a great number of insecticide
treatments.

Chemical control is the method of control most
adopted by growers to minimize losses inflicted by the
tomato pinworm, often requiring 36 sprays during the
cropping season (Picanço et al. 2000). These successive
insecticide sprays in tomato crops have certainly led to
intoxication of producers and increased environmental
pollution and detection of pesticide residues in food
(Benvenga et al. 2007). Moreover, overuse of insecti-
cides altered the pattern of use due to the emergence of
populations resistant to available insecticides (Siqueira
et al. 2000; Guedes and Siqueira 2012). Organophos-
phates and pyrethroids were the first chemical groups
used against T. absoluta in the country, followed by
alternate use or rotations with cartap hydrochloride.
These products were succeeded by abamectin in the
early 1990’s. Later, first cases of resistance were report-
ed in Chile (Salazar and Araya 1997), Brazil (Siqueira
et al. 2000; Siqueira et al. 2001), and Argentina (Lietti
et al. 2005). These insecticides were then succeeded in
the mid 1990’s by benzoylphenylureas (BPUs) (insect
growth disruptors - IGDs) and indoxacarb (an
oxadiazine insecticide), to which moderate to high re-
sistance was reported (Silva et al. 2011). In an attempt to
reduce the damage of T. absoluta to the crop, the use of
methoxyfenozide (a diacylhydrazine insecticide) was
then intensified.

Methoxyfenozide acts as a molt-accelerating com-
pound. It is rapidly absorbed into the insect’s circulatory
system after exposure and binds with high affinity to the
ecdysone receptor complex (EcR:USP). Feeding stops
within hours of exposure and a premature, lethal molt is
initiated in immature stages by mimicking the action of
20-hydroxyecdysone (20E) (Carlson et al. 2001). This
disruption of the normal molt cycle prevents the larvae
from completely shedding its old cuticle resulting in
starvation, dehydration, and death within a few days.
The mode of action for methoxyfenozide is uniquely
different from chitin biosynthesis inhibitors (Dhadialla
et al. 1998).

The chitin biosynthesis inhibitor insecticides com-
prise most of the IGDs recommended to control
T. absoluta in Brazil (MAPA 2014). These insecticides
disrupt the chitin synthesis process (Ishaaya and Casida
1974; Post et al. 1974), impairing the normal insect

ecdysis. Diflubenzuron, the first commercially available
active substance of this group, causes the cuticle com-
position alteration, acting mainly in the chitin formation
process, thus affecting the elasticity and firmness of the
endocuticle (Grosscurt 1978; Grosscurt and Anderson
1980). The search for more potent benzoylureas resulted
in the development of structural formulas such as
chlorfluazuron, teflubenzuron, lufenuron, and
novaluron among others (Ishaaya 1990; Ishaaya and
Horowitz 1998).

These insecticides present residual activities that
range between 10 and 30 days, depending on the envi-
ronmental conditions in the field (Ishaaya et al. 2002),
besides the reasonable selectivity towards populations
of natural enemies such as parasitoids and phytoseiid
mites (Ishaaya et al. 2001; Ishaaya et al. 2002). There-
fore, IGDs may be used as an important component in
integrated pest management. However, despite their
effectiveness against populations of insect pests
(Miranda and Bettini 2006), control failures were re-
ported in tomato pinworm populations (Silva et al.
2011) associated with resistance evolution.

The control failure of an insecticide is based on the
significant decrease in efficacy of a (commercial) prod-
uct (e.g., an insecticide formulation) used at its recom-
mended label rate but not reaching an expected control
level (Guedes 2017). Thus, after years of using IGDs
against tomato pinworm populations, there is no specific
information about the susceptibility levels of this pest to
these insecticides, except for reports of control failures.
The determination of the risk of control failure (or
control failure likelihood, CFL), requires use of realistic
methods simulating field exposure (Gontijo et al. 2013;
Guedes 2017). In addition, there is no information on
the role of detoxifying enzymes associated with poten-
tial resistance of T. absoluta to IGDs. Therefore, this
work aimed to assess the susceptibility status of tomato
p inworm popula t ions to benzoylureas and
diacylhydrazines, the likelihood of control failure and
evaluate possible involvement of detoxifying enzymes
in the resistance.

Material and methods

Insect growth regulators

Concentration-response curves were estimated for the
larval stage of each population of T. absoluta using the
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following insecticides: chlorfluazuron (Atabron 50 EC,
ISK Biosciences do Brasil Defensivos Agrícolas Ltda,
Yokkaichi-City, Mie, Japan), teflubenzuron (Nomolt
150 SC, BASF S.A., Leverkusen, Germany), novaluron
(Rimon 100 EC, Milenia Agrociências S.A., Beer-
Sheva, Israel), lufenuron (Match 50 EC, Syngenta
Proteção de Cultivos Ltda, Monthey, Switzerland)
(benzoylphenylureas) and methoxyfenozide (Intrepid
240 SC, Dow Agrosciences Industrial Ltda, Bergamo,
Italy) (diacylhydrazine). The control failure likelihood
for each insecticide against T. absoluta was also
assessed using the recommended label rate.

Insects

Eight different populations of tomato pinworm from
commercial crops in the Northeast, Midwest, Southeast
and South of Brazil were collected in the period between
2010 and 2011 and used to study the resistance and
control failure of IGDs in these regions (Table 1). Stems,
leaves and fruits infested with larvae of T. absoluta were
harvested from different spots in tomato crops. The pop-
ulations were established and reared individually in cages
with leaves of tomato cultivar “Santa Clara”, free of any
treatment to prevent interference with the results. Bioas-
says were always carried out between one and two gen-
erations after field collected. Second instar larvae were
used in the bioassays.

Concentration-response bioassays

Preliminary tests were performed on each population for
establishing an “all or nothing” response, i.e., the range
of concentrations where there is a concentration-
response relationship. At least seven concentrations

were used for each insecticide to obtain insect mortality
between 0 and 100%. The concentrations used in the
bioassays for all insecticides ranged from 0.16 to
42.00 g L−1. Tomato leaves of the cultivar “Santa Clara”
were used in bioassays modified from Galdino et al.
(2011). Tomato leaves, containing at least five leaflets
and without any insecticide treatment, were used. The
leaves were wrapped in hydrophobic cotton by the
petioles and inserted into 100 mL amber colored vials
containing 2% sodium hypochlorite solution as preser-
vative. The leaves were dipped into insecticide treat-
ments for 5 s and left to dry at room temperature. After
drying, leaves were transferred to each experimental
unit (consisting of a 2.5 L PET bottle). All treatments
used Triton X-100 at 0.01% (v/v) as adhesive spreader,
except for teflubenzuron that usedAssist® 1.0% (v/v) as
spreader. Two leaves were used per concentration and
bioassay, to where 20 T. absoluta second-instar larvae
were transferred per leaf, totaling 40 larvae per concen-
tration. All bioassays were repeated one more time.
Bioassays were conducted under controlled environ-
mental conditions (25 ± 1 °C temperature; 65 ± 5% rel-
ative humidity; 12 h:12 h L:D photoperiod). The mor-
tality assessment was performed seven days after trans-
ferring larvae to treated leaves. Insects that showed no
motility after stimuli with soft brush were considered
dead (Silva et al. 2011).

Bioassays to estimate control failure likelihood (CFL)

These bioassays were similar to the concentration-
response bioassays, but they used only label rates rec-
ommended by manufacturers. Leaves were immersed in
the following application rates: chlorfluazuron (50 mg a.
i. L−1), teflubenzuron (37.5 mg a. i. L−1), novaluron

Table 1 Sites of Tuta absoluta populations collection in Brazil

Populations Region Geographic position Collection date History

Anápolis-GO Midwest 16°29′46”S, 49°25′35”W Dec/2011 Pyr, IGD, OPs, avermectins

Guaraciaba-CE Northeast 4°10′01”S, 40°44′51”W Feb/2010 Pyr, OPs, cartap

Iraquara-BA Northeast 12°14′55”S, 41°37′10”W Nov/2011 Pyr, IGD, OPs, cartap, spinosyns

Paulínia-SP Southeast 22°45′40”S, 47°09′15”W Aug/2010 Pyr, IGD, OPs

Pelotas-RS South 31°46′19”S, 52°20′33”W Nov/2011 Pyr, IGD, OPs, cartap

Sumaré-SP Southeast 22°49′19”S, 47°16′01”W Sep/2011 Pyr, IGD, OPs

Tianguá-CE Northeast 3°43′56”S, 40°59′30”W Feb/2010 Pyr, IGD, OPs, cartap

Venda Nova-ES Southeast 20°20′23”S, 41°08′05”W Aug/2011 Pyr, IGD, OPs, cartap, Bt

* Pyr – pyrethroids, IGD – insect growth disruptors, OPs – organophosphates, Bt – Bacillus thruringiensis
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(20 mg a. i. L−1), lufenuron (40 mg a. i. L−1), and
methoxyfenozide (120 mg a. i. L−1) for 5 s, left to dry
at room temperature, and finally transferred to 2.5 L
PET bottles. Following, 20 T. absoluta second instar
larvae were transferred to each experimental unit
(consisting of a leaf packed in a 2.5 L PET bottle). Five
repetitions were performed in this experiment. Bioas-
says were carried out in the same controlled conditions
mentioned earlier. The mortality assessment was per-
formed seven days after transferring larvae to treated
leaves. Insects that showed no motility after stimuli with
soft brush were considered dead (Silva et al. 2011).

Enzyme sample extraction

For assessing the detoxification enzyme activities of
T. absoluta populations, 30 larvae of each population were
collected and transferred to three microfuge tubes totaling
10 larvae per tube (3 replicates). For esterase and glutathi-
one S–transferase assays, each sample was homogenized
in 200 μL of sodium phosphate buffer (0.02 M, pH 7.2)
and sodium phosphate buffer (0.1M, pH 7.5), respectively
using a Potter-Elvehjem homogenizer (Iwaki Glass Co.,
Ltd., Tokyo, Japan). Homogenates were centrifuged
(Eppendorf 5810R) at 15,000 g and 4 °C for 15 min.
The supernatant was harvested and stored at −80 °C. The
protein concentration was titrated following the
bicinchoninic acid method (Smith et al. 1985) using bo-
vine serum albumin as standard (BSA). For cytochrome
P450-dependent monooxygenase assays, the samples
contained 30 third instar larvae per tube (with 3 replicates),
homogenized in 1.0 mL of sodium phosphate buffer
(0.1 M; pH 7.5) containing 10% glycerol [vol:vol],
1 mM ethylenediaminetetraacetic acid [EDTA], 0.1 mM
dithiothreitol [DTT], 1 mM 1-phenyl-2-thiourea [PTU]
and 1 mM phenylmethylsulfonyl fluoride [PMSF]. The
homogenate was centrifuged at 10,000 x g for 15min. The
supernatant was centrifuged at 100,000 x g for 1 h in an
ultracentrifuge (Optima L-80 XP, Beckman Coulter,
USA). The microsomal pellets were then resuspended in
resuspension buffer (0.1 M sodium phosphate buffer,
pH 7.5, containing 10% [vol:vol] glycerol, 1 mM EDTA,
0.1 mM DTT, and 1 mM PMSF).

Esterase assays

Esterase activity was measured with method adapted
from van Asperen (1962). Stock solutions (250 mM)
ofα–naphthyl acetate andβ–naphthyl acetate substrates

were prepared in acetone. For reaction, a 2 μL α–
naphthyl acetate substrate was used, 10 μL of sample
that was diluted to 1:100 and 188 μL of sodium phos-
phate buffer (0,02 M, pH 7,2) per well of the microtiter
plate. The same procedure was done to esterase activity
quantification using β–naphthyl acetate substrate; how-
ever, the samples were diluted to 1:10. Samples were
incubated at 30 °C for 15 min. Reaction was stopped
using 33.2 μL of 0.3% FAST Blue B. Absorbance was
read at 595 nm on a microtiter plate reader (Elx800,
BioTek®, Winooski, VT, USA). Each biological sam-
ple (total of 3) was analyzed in triplicates, comprising a
total of nine technical replicates (measures). Alpha–
naphthol and β–naphthol standard curves were used to
calculate these products in the samples. Esterase activity
is expressed as mmol naphthol x min−1 x mg protein−1.

Glutathione S-transferase assays

Conjugation activity of reduced glutathione was deter-
mined using CDNB (1–chloro–2,4–dinitrobenzene)
substrate in the presence of glutathione S–transferase
forming 2,4–dinitrophenyl–S–glutathione (Habig et al.
1974). CDNB solution (150 mM) was prepared in eth-
anol and reduced glutathione (10 mM) was dissolved in
sodium phosphate buffer (0.1 M, pH 7.5). For reaction,
138 μL of sodium phosphate buffer (0.1 M, pH 7.5),
10 μL of sample containing 1 μg of protein, 150 μL of
reduced glutathione (10 mM) were mixed. Premix was
incubated in water bath at 30 °C for 5 min. Following,
2 μL of CDNB (150 mM) were added to the reaction.
Immediately, formation of 2,4–dinitrophenyl–S–gluta-
thione was measured using a biophotometer
(Eppendorf) at 340 nm. Reaction was analyzed for
5 min with read intervals of 30 s. Each biological sample
(total of 3) was analyzed in triplicates, and measures
comprised a total of nine replicates. Absorbance data
were analyzed as function of reaction time after addition
of CDNB. The slope of the line (absorbance min−1) was
transformed into concentration unit using the extinction
coefficient of CDNB (9.6 mM−1.cm−1).

Cytochrome P450 monooxygenase (O-demethylase)
assays

Activity of cytochrome P450 was determined through
methodO–demethylation using substrate p–nitroanisole
(O2N–C6H4–O–CH3) to p–nitrophenol. The procedure
of O–demethylation is lightly alkaline and absorbs light
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in wavelength of 420 nm, not interfering in the micro-
somal protein or substrate (Netter and Seidel 1964).
Therefore, in the presence of p–nitroanisole, cyto-
chrome P450-dependent O–demethylase activity can
be measured (Rose and Brindley 1985). Reaction mix
comprised (in this order) 178.8 μL of sodium phosphate
resuspension buffer (0.1M, pH 7.5), 56.2 μL of sample,
2.5 μL p–nitroanisole (150 mM in ethanol), 12.5 μL of
reduced NADPH (9.6 mM) in each microfuge tube. The
reaction mix was incubated for 30 min at 30 °C, and
then stopped by adding 50 μL of HCl (1 M). After
centrifugation at 3000 g for 15 min, 200 μL of reaction
mix supernatant was transferred to microplate wells and
read at 405 nm (ELx800 reader, Biotek, USA). Each
biological sample (total of 3) was analyzed in three
replicates, and measures comprised a total of nine rep-
licates. Activity of cytochrome P450-dependent
monooxygenases per sample was determined based on
a standard curve of p–nitrophenol in nmol p–nitrophe-
nol x min−1 x mg of protein−1.

Cytochrome P450 monooxygenase (N-dealkylase)
assays

Assays were performed according to Silva et al. (2015)
with slight modification. The substrate 4-chloro-N-
methylaniline was used to determine N-demethylation
activity. Reactions were run with 50 μl of sodium phos-
phate buffer (PBS) with 2% Tween-20 (0.1 M, pH 7.5),
25 μl of enzyme extract (sample), 25 μl of 4-chloro-N-
methylaniline (4-CNMA) 7.5 mM diluted in 20% v/v
ethanol, and 25 μl of reduced NADPH (9.6 mM). The
reaction was processed for 15 min at 37 °C then stopped
by the addition of 187.5 μl p-dimethylaminobenzalde-
hyde to 233.33 mM prepared in 3.0 N sulphuric acid.
Samples were then centrifuged for 15 min at 10,000 g at
room temperature and 200 μl of the supernatant read at
450 nm on a microtiter plate reader. Activity of N-
demethylase (alkylase) per sample was determined
based on a standard curve of 4-chloroaniline and
expressed as nmol 4-chloroaniline × min−1 × mg pro-
tein−1. Assays used three different protein preparations
(biological samples) and each one had three technical
replicates.

Data analysis

The mortality data were corrected by the mortality
observed in the control (Abbott 1925) and subjected

to Probit analysis (Finney 1971) using the POLO-Plus
program (LeOra-Software 2005) with P > 0.05 to es-
timate concentration-response curves parameters for
each population and insecticide. The resistance ratios
(RR) based on the LC50 value and confidence inter-
vals were calculated by the method of Robertson et al.
(2007), using as reference the most susceptible popu-
lation to each insecticide. The confidence interval (CI)
at 95% on resistance ration (RR50) not include 0. The
recommended label rate mortality data were corrected
as mentioned above (Abbott 1925) and mean mortal-
ity and standard error calculated. These results were
used to assess the control failure likelihood (CFL) by
an insecticide as in Guedes (2017), where CFL = 100 -
[observed mortality (%) × 100] / expected mortality
(considered as 80% following the minimum require-
ment from the Brazilian Ministry of Agriculture for
minimum efficacy threshold; Gontijo et al. 2013).
CFL values <0% indicate negligible risk of control
failure (or control failure likelihood).

Means of esterase, glutathione S-transferase and cy-
tochrome P450-dependent monooxygenase activities
were subjected to analysis of variance (PROCANOVA)
and Tukey’s test (HSD) at P < 0.05 for scoring differ-
ences after checking ANOVA assumptions were tested
using SAS (PROC UNIVARIATE; SAS Institute
2016). Canonical correlation analysis was performed
as in Fragoso et al. (2013) between the IGDs LC50

estimates and the enzyme activities using the procedure
CANCORR from SAS (SAS Institute 2016). The insec-
ticide and enzymes with highest canonical loadings on
the significant canonical pairs were further subjected to
single (Pearson’s) correlation (PROC CORR; SAS
Institute 2016) was eventually conducted to test that
possible relationship. Multivariate normality assump-
tions were tested using Mardia’s test through the macro
“%MULTNORM” (SAS Institute 2016) and no data
transformation was necessary. Besides the standardized
canonical function coefficients (or canonical weights)
and the structure coefficients (loadings), we also used
the squared canonical structure coefficient (rs

2), which
indicates the percentage of shared variance between the
observed variable and the synthetic variable generated
from the observed variable’s set as well as the canonical
communality coefficient (h2), which is the proportion of
variance in each observable variable that is reproducible
across the function (indicates the usefulness of a vari-
able in the model) for interpretation as in Sherry and
Henson (2005).
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Results

Concentration-response bioassays

Mortality data from concentration-response assays fitted
the Probit model (χ2 not significant, P > 0.05). The
Guaraciaba population presented lower LC50 for the
insecticide chlorfluazuron and methoxyfenozide, while
Paulínia population presented lower LC50 for the insec-
ticide novaluron and the Anápolis population presented
lower LC50 for the insecticides teflubenzuron and
lufenuron (Table 2). Therefore, these populations were
used as reference susceptible strains for respective in-
secticides (populations maintained in the laboratory
without exposure to IGDs).

The LC50 values for chlorfluazuron (Table 2) were
higher than the recommended label rate (Table 3) in all
the populations of T. absoluta, varying from 0.34 to
0.63 g L−1 (Table 2). Five populations of T. absoluta
showed significant chlorfluazuron resistance ratios since
the confidence intervals did not include the value 1.0.
The values of resistance ratio for chlorfluazuron varied
from 1.20 to 1.82 fold (Table 2).

The LC50 values for teflubenzuron were high in all
the tomato pinworm populations, varying from 0.17 to
0.92 g L−1 (Table 2). The resistance ratio values for
teflubenzuron ranged between 1.44 and 5.51 fold.

Among all the insecticides, methoxyfenozide
showed the highest LC50 values for T. absoluta popula-
tions (Table 2). The highest values of resistance ratio
were obse rved for nova lu ron fo l lowed by
methoxyfenozide varying from 1.22 to 9.87 and 1.53
to 6.51, respectively (Table 2). However, there were
more populations showing resistance in the case of
methoxyfenozide. Among the insecticides used,
lufenuron showed a higher homogeneity of response
among the populations with resistance ratio values vary-
ing from 1.04 to 1.60 times (Table 2). The slopes of the
Probit regression curves for all insecticides varied from
0.73 to 3.86 (Table 2).

Control failure likelihood

The diagnosis for control failure indicated significant
departure from the expected target mortality of 80%,
which is the minimum efficacy threshold for the context
under investigation. Results of the assays conducted at
the label recommended rates for chlorfluazuron,
t e f l ub enzu ron , nova l u ron , l u f enu ron and

methoxyfenozide for the control of T. absoluta sug-
gested that field control failures would occur in all field
populations, since mortalities were significantly lower
than 80% presenting high CFL values (Table 3).

Enzyme activity assays

Esterase activity differed significantly among
T. absoluta populations using α-naphthyl acetate
(Fig. 1a). Activity of α-esterase varied from 1.13 ±
0.10 μmol/min/mg protein (PLT) to 2.32 ± 0.10 μmol/
min/mg protein (IRQ), a variation of 2.05-times in α-
esterase activity. Activity of β-esterase varied from
1.02 ± 0.06 μmol/min/mg protein (ANP) to 1.30 ±
0.06 μmol/min/mg protein (TNG), a variation range of
1.27-times in β-esterase activity.

Regarding oxidative metabolism, significant differ-
ences were observed in cytochrome P450-dependent
monooxygenases among T. absoluta populations. Ac-
tivity of N-dealkylation varied from 1.03 ± 0.13 nmol/
min/mg protein (PLN) to 5.86 ± 0.17 nmol/min/mg pro-
tein (ANP), with a variation of 5.69-times among
T. absoluta populations (Fig. 1b). Activity of O-
dealkylation varied from 4.23 ± 0.72 nmol/min/mg pro-
tein (PLN) to 18.13 ± 1.31 nmol/min/mg protein (IRA),
with a variation of 4.29-times among T. absoluta popu-
lations (Fig. 1b).

Significant differences were also observed for conju-
gation activity by glutathione S-transferase among
T. absoluta populations. Activity varied from 0.29 ±
0.08 μmol/min/mg protein (GCB) to 2.93 ±
0.43 μmol/min/mg protein (ANP), a variation of
10.10-times in glutathione S-transferase activity (Fig.
1c).

Canonical correlation analysis

Canonical correlation was performed to test for inde-
pendence (null hypothesis) of both sets of variables
(IGDs and enzymes). The null hypothesis was rejected,
and the two sets of variables were dependent (Wilks’
lambda = 0.02644; F = 15.38; DF = 25,231.82;
P < 0.0001). Five canonical correlations were obtained
but only three of them were significant (P < 0.05)
(Table 4). However, the focus was on the first pair
because the second and third canonical pairs, although
significant, showed little contribution in explaining var-
iances of the variables set (Rd < 0.13). Also, although
the three significant canonical pairs accounted for
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Table 2 Relative toxicity of benzoylureas and diacylhydrazine insecticides to larvae of Tuta absoluta

Insecticide Population na DFb Slope±SEc LC50 (CI95%)
(g a.i. L−1)d

LC80 (CI95%)
(g a.i. L−1)d

χ2 e RR50 (CI95%)f

chlorfluazuron Guaraciaba – CE 370 5 2.38±0.21 0.34 (0.29–0.41) 0.78 (0.64–0.98) 0.37 1.00 (0.79–1.27)

Venda Nova – ES 395 5 2.50±0.24 0.41 (0.34–0.49) 0.90 (0.75–1.13) 2.31 1.20 (0.94–1.54)

Anápolis – GO 397 5 2.54±0.23 0.41 (0.35–0.49) 0.89 (0.74–1.11) 3.35 1.20 (0.94–1.52)

Sumaré – SP 382 5 2.80±0.24 0.48 (0.41–0.56) 0.95 (0.80–1.18) 4.40 1.38 (1.09–1.74)*

Paulínia – SP 468 5 1.97±0.15 0.51 (0.39–0.66) 1.36 (0.99–2.08) 6.86 1.47 (1.16–1.86)*

Tianguá – CE 368 5 2.07±0.18 0.57 (0.40–0.83) 1.47 (0.98–2.74) 10.3 1.66 (1.29–2.14)*

Iraquara – BA 344 5 2.65±0.44 0.62 (0.29–0.88) 1.28 (0.91–2.01) 7.06 1.79 (1.28–2.52)*

Pelotas – RS 375 5 2.77±0.25 0.63 (0.54–0.73) 1.26 (1.06–1.57) 1.17 1.82 (1.45–2.29)*

teflubenzuron Anápolis – GO 312 6 1.08±0.10 0.17 (0.09–0.28) 1.00 (0.56–2.24) 7.89 1.00 (0.59–1.70)

Guaraciaba – CE 407 6 1.22±0.13 0.24 (0.17–0.32) 1.17 (0.86–1.70) 1.17 1.44 (0.88–2.36)

Paulínia – SP 379 5 1.62±0.15 0.29 (0.20–0.39) 0.95 (0.67–1.54) 6.32 1.73 (1.12–2.68)*

Tianguá – CE 371 6 1.68±0.16 0.36 (0.25–0.49) 1.14 (0.82–1.74) 6.53 2.16 (1.37–3.38)*

Pelotas – RS 440 6 1.67±0.14 0.39 (0.29–0.51) 1.24 (0.92–1.85) 6.78 2.33 (1.52–3.57)*

Venda Nova – ES 429 6 1.49±0.23 0.82 (0.34–1.30) 2.99 (1.93–5.82) 8.42 4.90 (2.85–8.44)*

Iraquara – BA 381 6 1.54±0.20 0.86 (0.59–1.16) 3.00 (2.18–4.58) 1.52 5.14 (3.11–8.50)*

Sumaré – SP 367 5 1.70±0.15 0.92 (0.74–1.13) 2.88 (2.23–3.97) 0.62 5.51 (3.59–8.47)*

novaluron Paulínia – SP 562 6 1.58±0.12 0.13 (0.11–0.16) 0.44 (0.35–0.58) 4.37 1.00 (0.75–1.33)

Tianguá – CE 668 7 1.35±0.09 0.16 (0.13–0.19) 0.67 (0.53–0.88) 4.65 1.22 (0.92–1.63)

Guaraciaba – CE 572 6 1.83±0.13 0.24 (0.20–0.28) 0.68 (0.56–0.86) 4.45 1.82 (1.40–2.37)*

Venda Nova – ES 606 7 1.65±0.11 0.34 (0.28–0.43) 1.12 (0.84–1.59) 7.52 2.65 (2.02–3.48)*

Sumaré – SP 428 6 1.81±0.14 0.35 (0.27–0.46) 1.02 (0.75–1.54) 7.28 2.70 (2.04–3.58)*

Pelotas – RS 395 5 1.80±0.15 0.54 (0.40–0.74) 1.59 (1.12–2.64) 7.05 4.20 (3.17–5.56)*

Iraquara – BA 441 6 1.50±0.13 0.69 (0.56–0.87) 2.52 (1.87–3.68) 4.17 5.36 (3.96–7.25)*

Anápolis – GO 320 6 1.42±0.14 1.28 (0.81–2.12) 5.01 (2.86–12.87) 11.17 9.87 (7.04–13.84)*

lufenuron Anápolis – GO 325 6 1.74±0.17 0.29 (0.20–0.40) 0.89 (0.62–1.45) 7.78 1.00 (0.71–1.41)

Paulínia – SP 517 5 2.73±0.20 0.30 (0.26–0.34) 0.61 (0.52–0.74) 4.95 1.04 (0.79–1.36)

Sumaré – SP 378 5 2.13±0.18 0.31 (0.26–0.38) 0.78 (0.64–0.99) 4.42 1.08 (0.80–1.47)

Venda Nova – ES 367 5 2.35±0.21 0.35 (0.27–0.46) 0.80 (0.60–1.21) 6.99 1.21 (0.90–1.62)

Iraquara – BA 411 6 3.00±0.26 0.42 (0.36–0.49) 0.80 (0.68–0.99) 2.88 1.45 (1.09–1.93)*

Pelotas – RS 387 5 3.12±0.29 0.43 (0.37–0.50) 0.80 (0.68–0.98) 1.86 1.49 (1.12–1.97)*

Guaraciaba – CE 440 5 3.86±0.53 0.46 (0.38–0.53) 0.75 (0.65–0.90) 3.02 1.57 (1.17–2.10)*

Tianguá – CE 340 5 3.08±0.29 0.46 (0.40–0.54) 0.87 (0.73–1.09) 0.67 1.60 (1.20–2.13)*

methoxyfenozide Guaraciaba – CE 378 5 2.10±0.18 0.71 (0.56–0.90) 1.78 (1.36–2.54) 5.06 1.00 (0.77–1.29)

Venda Nova – ES 391 5 1.98±0.16 1.08 (0.78–1.53) 2.89 (1.98–5.09) 8.99 1.53 (1.18–1.98)*

Sumaré – SP 360 5 2.49±0.30 1.32 (1.06–1.60) 2.89 (2.36–3.74) 1.25 1.87 (1.42–2.46)*

Tianguá – CE 411 6 1.48±0.12 1.53 (1.07–2.21) 5.65 (3.69–10.46) 9.34 2.16 (1.61–2.89)*

Paulínia – SP 497 5 2.39±0.30 1.61 (1.15–2.16) 3.64 (2.64–6.48) 7.49 2.28 (1.76–2.95)*

Iraquara – BA 387 5 1.75±0.19 2.60 (1.93–3.33) 7.87 (6.10–10.79) 3.12 3.67 (2.65–5.08)*

Anápolis – GO 300 6 0.73±0.12 3.03 (1.28–6.06) 43.04 (16.87–399.03) 7.93 4.28 (2.55–7.20)*

Pelotas – RS 367 5 2.11±0.24 4.60 (3.28–6.12) 11.55 (8.53–17.80) 5.30 6.51 (4.88–8.67)*

a Total number of insects used in bioassays. b Degree of Freedom. c Standard Error. d Grams of active ingredient per liter of water. e Chi-
Square (P > 0.05). f Resistance ratio: ratio of LC50 estimative between resistance and susceptible populations calculated through Robertson
et al. (2007) method with confidence interval at 95%. *Resistance ratio is significant if confidence interval does not encompass the value 1.0
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99.3% of the data, the first alone accounted for 82.8%.
Said that, according to canonical correlation and struc-
ture coefficients (loadings), susceptibility to novaluron
and teflubenzuron prevailed together with metabolism
by N-dealkylation and α-esterase as predictors of the
first canonical pair, followed by β-esterase and O-
dealkylase as secondary contributors. The communality
coefficients supported them as predictors as well. De-
spite that, the metabolism was a moderate predictor of
the susceptibility to IGDs. The proportion of variance
(by canonical redundancy analysis) in LC50 values ex-
plained by enzymes was 0.25 and the opposite relation-
ship was 0.42. Based on that, correlation analysis com-
plementary to the canonical correlation showed signifi-
cant positive single correlation with novaluron for N-
dealkylase (rp = 0.85; P < 0.0001; N = 72), α-esterase
(rp = 0.50; P < 0.0001; N = 72), glutathione S-transfer-
ase (rp = 0.44; P < 0.0001; N = 72), β-esterase (rp =
0.33; P = 0.0043; N = 72), and O-dealkylase (rp = 0.32;
P = 0.0061; N = 72). Besides that, methoxyfenozide sig-
nificantly correlated with N-dealkylase activity (rp =
0.37; P = 0.0012; N = 72).

Discussion

A set of previous reported resistance cases in T. absoluta
populations to virtually all classes of insecticides regis-
tered for its control was recently compiled (Guedes et al.

2019), and only a few alternatives are left to reduce
infestations by this pest. Because of the high destructive
potential of T. absoluta besides the market demand for
high quality crops, growers have heavily relied on in-
secticides in Brazil (Picanço and Marquini 1999;
Picanço et al. 2000). Moreover, despite the long-term
use of IGDs in Brazil (since late 1980’s), grower con-
cerns about control failures, and the suspicion of resis-
tance evolution, very few cases of this phenomenon to
benzoylureas in T. absoluta have been reported (Silva
et al. 2011). This work showed that populations were
highly resistant to four chitin synthesis disruptors
though the resistance ratios values were low (< 10-fold),
resulting from lack of a standard susceptible population
as reference. However, the LC50 values for all of these
insecticides were higher than their respective recom-
mended label rates, and all assessed IGDs virtually
killed less than 20% of the populations tested with their
label rates.

Resistance may be defined as a heritable change in
the sensitivity of a pest population that is reflected in the
repeated failure of a product to achieve the expected
level of control when used according to the label rec-
ommendation for that pest species (IRAC 2020). These
results demonstrated a reduction in the effectiveness of
benzoylureas for T. absoluta control after a long period
of use in Brazil, evidencing the evolution of resistance.
Silva et al. (2011) reported some cases of resistance to
these insecticides in T. absoluta and associated this

Table 3 Corrected Mortality (%) (± SE) of Tuta absoluta populations exposed to recommended label rate of insect growth disruptors
(IGDs) and control failure likelihood (CFL) (%) estimate

Population Mortality ± SE [CFL] (%)

Benzoylureas Diacylhydrazine

chlorfluazuron
(50 mg a.i. L−1)

lufenuron
(40 mg a.i. L−1)

novaluron
(20 mg a.i. L−1)

teflubenzuron
(37.5 mg a.i. L−1)

methoxyfenozide
(120 mg a.i. L−1)

Guaraciaba- CE 6.2±4.0 [92.3]* 0.1±1.5 [99.9]* 4.1±3.7 [94.9]* 18.2±3.0 [77.3]* 6.6±3.3 [91.8]*

Iraquara – BA 3.1±3.3 [96.1]* 3.5±2.3 [95.6]* 3.4±1.1 [95.8]* 14.5±4.9 [81.9]* 6.9±3.1 [91.4]*

Tianguá – CE 5.3±3.1 [93.4]* 0.0±0.0 [100]* 3.9±2.6 [95.1]* 36.6±2.3 [54.3]* 10.8±3.1 [86.5]*

Paulínia – SP 9.4±5.8 [88.3]* 1.2±1.3 [98.5]* 6.6±3.1 [91.8]* 20.3±3.0 [74.6]* 6.2±4.0 [92.3]*

Sumaré – SP 5.3±2.0 [93.4]* 3.3±2.1 [95.9]* 5.0±3.7 [93.8]* 19.2±3.9 [76.0]* 14.4±3.9 [82.0]*

Venda Nova-ES 8.7±5.2 [89.1]* 0.0±0.0 [100]* 7.5±6.0 [90.6]* 9.5±3.6 [88.1]* 9.3±3.5 [88.4]*

Anápolis – GO 3.4±2.2 [95.8]* 5.1±3.0 [93.6]* 6.0±1.7 [92.5]* 18.6±2.6 [76.8]* 8.7±3.7 [89.1]*

Pelotas – RS 8.7±3.2 [89.1]* 3.5±2.3 [95.6]* 5.9±3.5 [92.6]* 17.8±6.0 [77.8]* 7.9±1.2 [90.1]*

*Mortalities followed by an asterisk are significantly lower than the minimum efficacy threshold of 80%, as required by the Brazilian
legislation (MAPA 1995)
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evolution with control failures. That was very clear in
this survey with IGD label rates, denoting a high selec-
tion pressure that has been posed in the field against
these populations for long time. Resistance to IGDs is
still widespread across all tomato producing regions of
Brazil as observed previously for triflumuron and
teflubenzuron (Silva et al. 2011). Many of these resis-
tance cases could be derived from the early nationwide
use of triflumuron, the first benzoylurea to be registered
in Brazil, which possibly impacted the efficacy of other
insecticides in the IGD class insecticides.

Most populations presented very high LC50 values
for methoxyfenozide compared to benzoylureas, well
above the label rate. These are the first cases of resis-
tance to diacylhydrazine insecticides reported in
T. absoluta, and to know when or how fast this resis-
tance evolved to high levels in the field is an incognita,
as no previous data existed to infer on that. Conversely
to benzoylureas, methoxyfenozide was registered later
(early 2000’s) in Brazil, and despite this, the reduced
susceptibility in different populations may be associated
with resistance through higher activity of N-dealkylase.

The faster evolution of methoxyfenozide resistance
may be a consequence of potential cross resistance with
benzoylureas and other insecticides used against
T. absoluta via higher expression of this enzyme com-
plex . Fur thermore , both benzoylureas and
diacylhydrazines have amide linkages, and there are
reports of insect carboxylesterases with low level ami-
dase activity (Farnsworth et al. 2010), and esterases
showed a high percentage of association in the enzyme
overall model (canonical communality). We would ex-
pect a high act ivi ty of O-demethylat ion of
methoxyfenozide with further increase in GST activity
(phase II metabolism) because O-demethylation is the
first metabolic step that methoxyfenozide undergoes
(Andrew et al. 2004) in general. The presence of the
methoxy moiety in the molecule would possibly trigger
an increase of O-demethylase group upon insecticide
selection, though no correlation was observed for cyto-
chrome P450-dependent monooxygenases. Perhaps that
was a random result of variation usually seen with
detoxification enzymes, and in this case, it is recalled
that indeed all populations were resistant to the assessed
insecticides, and in fact O-dealkylases presented the
lowest contribution in the overall canonical model.

The high LC50 and LC80 values and the low percentage
of mortality observed from assessed recommended label
rates can be related to direct or indirect exposure of
T. absoluta to these insecticides. In Brazil, tomato growers
usually apply insecticide without any resistance manage-
ment concerns, and the lack of a systematic management
andmonitoring plan for insecticide susceptibilitymay have
contributed significantly to the development of resistance.
The evolution of resistance in insect pests to an active
ingredient can also lead to resistance to other insecticides
that act in a similar way or even between different chemical
groups (Metcalf 1989). Benzoylureas have been available
in the Brazilian market for nearly 50 years, and during that
time new benzoylureas have introduced in the market in

Fig. 1 Histogram of α-esterase and β-esterase (a), cytochrome
P450-dependent monooxygenases (b), and glutathione S-transfer-
ase (c) activity of eight populations of Tuta absoluta. (Anápolis-
ANP, Paulínia-PLN, Tianguá-TNG, Pelotas-PLT, Sumaré-SUM,
Iraquara-IRA, Venda Nova-VDN, Guaraciaba-GCB)
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some regionswithout the scientifically backed supervision.
Nevertheless, cross resistance between insecticides of the
same chemical group has already been observed in studies
with T. absoluta (diamides) (Silva et al. 2016; Roditakis
et al. 2015), and this work reinforces such perception.

High levels of insect resistance to insecticides are
generally associated with alteration of their target sites.
Douris et al. (2016) in their studies showed that the
resistance of insects and mites to IGDs was related to a
point mutation (I1042M, I1017F) present in the chitin
synthase 1 (CHS1) gene, respectively observed in resis-
tant Plutella xylostella (L.) (Lepidoptera: Plutellidae)
and mite individuals, interfering with chitin biosynthe-
sis. Therefore, it is possible that the high values of LC50

associated with high percentages of survival in the pop-
ulations of T. absoluta might be associated with an
alteration of CHS1 as well, requiring further studies to
confirm this hypothesis. In support of that is the fact that
resistance to different IGDs did not show a significant

correlation and it did not contribute positively to enzyme
activities based on the canonical functions as was the
case for chlorfluazuron, suggesting that target site alter-
ation might be a factor involved in the resistance.

IGDs are important tools for integrated pest manage-
ment because they have low acute toxicity for mammals,
birds, and fish (Fulton et al. 2013). Methoxyfenozide for
example presents low impact on most beneficial insects
including bees, predators, and parasitoids (Fulton et al.
2013). However, the evolution of resistance may compro-
mise the environmental performance that these insecticides
possibly possess because of the increased rates being
applied in the fields. Although this survey was performed
in the years 2011 and 2012, these results provide informa-
tion that call the attention for managing the resistance of
T. absoluta to IGDs in different tomato cropping regions.
Resistance levels have certainly changed since then, but
they are not likely to have been reversed because resistance
to these products appears to be stable (laboratory

Table 4 Canonical correlations and canonical functions (only significant pairs) between susceptibility (LC50 values) of Brazilian
populations of T. absoluta to different insect growth disruptors and activity of enzymes possibly associated with insecticide resistance

Canonical pairs

1st 2nd 3rd

Variables Coef a rs
b rs

2(%) c Coef rs rs
2(%) Coef rs rs

2(%) h2(%) d

Susceptibility (LC50):

chlorfluazuron −0.54 −0.43 18.44 −1.79 −0.55 29.75 −0.13 0.42 17.97 66.15

teflubenzuron −0.18 −0.45 20.61 0.71 0.15 2.18 0.44 0.21 4.35 27.14

novaluron 0.70 0.87 76.14 −1.11 −0.29 8.61 0.37 0.15 2.24 86.99

lufenuron 0.08 −0.29 8.11 0.20 0.05 0.26 0.99 0.80 63.98 72.35

methoxyfenozide 0.26 0.36 13.09 1.59 −0.26 6.80 0.30 0.39 15.12 35.01

Rd e 0.25 0.06 0.05

Activity of:

α-esterase 0.05 0.74 55.16 0.30 0.35 12.14 −1.39 −0.54 28.61 95.91

β-esterase 0.11 0.60 35.35 0.74 0.69 47.50 0.35 0.04 0.13 82.99

Glutathione S-transferase 0.04 0.42 17.89 −0.49 −0.58 33.90 −0.58 −0.34 11.68 63.46

N-dealkylase (P450) 0.83 0.98 95.94 −0.52 −0.14 1.89 1.01 0.05 0.29 98.11

O-dealkylase (P450) 0.13 0.51 25.98 0.10 0.31 9.80 0.15 −0.06 0.39 36.16

Rd 0.42 0.13 0.02

(Rc2)f 0.90 0.61 0.24

Approximate F 15.38* 6.34* 2.65*

d. f. 25, 231.82 16, 193.11 9, 155.91

aCoef – Standardized canonical function coefficients (or canonical weights). b rs - Structure coefficients (loadings). c rs
2 – Squared

canonical structure coefficients. d Canonical communality coefficients. e Rd (Redundancy) - percent of variance in one set of original
variables explained by the other set’s canonical variable (opposite canonical variables). f Rc2 - Squared canonical correlation. *
Approximate F values followed by an asterisk are significant at P < 0.05
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observation) over time and growers still spray insecticides
without using scouting techniques and economic injury
levels (EILs). Insecticides must be applied rationally and at
the first instance should be used associated within an
integrated pest management program, involving the mon-
itoring of T. absoluta, as well as its natural enemies (Silva
et al. 2016). Areas where BPUs are used not only have to
focus on the rotation of active ingredients with different
modes of action associated with refuge areas, but also to
use other tactics of control such as pheromone-based mass
trapping and the elimination of cropping remains, which
together will make the control ofT. absolutamore efficient
and sustainable.

Conclusions

Our results demonstrate that despite the relative low
levels of resistance found among populations of
T. absoluta to growth disrupting insecticides, the rec-
ommended label rates established for their control were
not effective and caused control failures. In addition,
evidence of selected metabolic mechanisms of resis-
tance (detoxification enzymes) was observed using ca-
nonical correlation analysis, but not to all IGDs, indi-
cating that other factors such as target-site alteration
may be involved, contributing to the high levels of
resistance observed and consequently to control failures.
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