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Control failure likelihood and spatial
dependence of insecticide resistance
in the tomato pinworm, Tuta absoluta
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Abstract

BACKGROUND: Insecticide resistance is a likely cause of field control failures of Tuta absoluta, but the subject has been little
studied. Therefore, resistance to ten insecticides was surveyed in seven representative field populations of this species. The
likelihood of control failures was assessed, as well as weather influence and the spatial dependence of insecticide resistance.

RESULTS: No resistance or only low resistance levels were observed for pyrethroids (bifenthrin and permethrin), abamectin,
spinosad, Bacillus thuringiensis and the mixture deltamethrin + triazophos (<12.5-fold). In contrast, indoxacarb exhibited
moderate levels of resistance (up to 27.5-fold), and chitin synthesis inhibitors exhibited moderate to high levels of resistance (up
to 222.3-fold). Evidence of control failures was obtained for bifenthrin, permethrin, diflubenzuron, teflubenzuron, triflumuron
and B. thuringiensis. Weather conditions favour resistance to some insecticides, and spatial dependence was observed only for
bifenthrin and permethrin.

CONCLUSION: Insecticide resistance in field populations of the tomato pinworm prevails for the insecticides nowadays most
frequently used against them - the chitin synthesis inhibitors (diflubenzuron, triflumuron and teflubenzuron). Local selection
favoured by weather conditions and dispersal seem important for pyrethroid resistance evolution among Brazilian populations

of T. absoluta and should be considered in designing pest management programmes.
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1 INTRODUCTION

The tomato pinworm Tuta absoluta (Meyrick) (Lepidoptera:
Gelechiidae) is native to South America, from the region
circumscribed by Ecuador, the Andes mountain range north of
the Chilean border and the Pacific coast.! It is the main tomato
insect pest in South America,>® and was introduced in Europe
in 2006 through Spain. From Spain it quickly spread throughout
most of Europe and soon reached Mediterranean Africa, where it
has caused large tomato crop losses.*>

The tomato pinworm larva compromises tomato productivity
by consuming the leaf mesophyll and damaging the stalk, flowers
and fruits.2>% The consequence of such losses has been extensive
insecticide field use (and overuse) to minimise the damage
caused by the pinworm. However, insecticide applications are
not always as efficient as expected for controlling this insect
pest species.”® The evolution of insecticide resistance in South
American populations of the pinworm is one reason for the low
insecticide control efficacy.8~12

There are only a few studies focusing on the detection of
insecticide resistance among populations of T. absoluta. Resistance
to abamectin, cartap, methamidophos and permethrin were
reported earlier in Brazil,8~'% while resistance to abamectin,
deltamethrin and methamidophos were also detected later in
Argentina.'? Resistance to organophosphates and pyrethroid

insecticides were also reported in Chile."'3 These studies,
however, do not go beyond the survey of insecticide resistance
and eventual study of mechanisms of abamectin and cartap
resistance using insecticide synergists.>'® They neglected the
potential influence of weather on insecticide resistance and its
spatial distribution, which can potentially allow the recognition of
main areas prone to problems of insecticide resistance.

The objective of the present study was to survey resistance levels
of representative populations of the tomato pinworm T. absoluta
from the main tomato-producing regions in Brazil to the main
insecticides currently used and recommended. Furthermore, the
likelihood of insecticide control failures in the surveyed insect
populations was assessed, as well as weather influence and
the spatial dependence of insecticide resistance in the tomato
pinworm.

* Correspondence to: Raul Narciso C Guedes, Departamento de Biologia Animal,
Universidade Federal de Vigosa, Vicosa, MG 36571-000, Brazil.
E-mail: guedes@ufv.br

a Departamento de Biologia Animal, Universidade Federal de Vicosa, Vicosa, MG,
Brazil

b Departamento de Engenharia Agronémica, Universidade Federal de Sergipe,
Aracaju, SE, Brazil

Pest Manag Sci 2011; 67:913-920

WWW.SOCi.org

(© 2011 Society of Chemical Industry




@)
SCIi

WWW.S0Ci.org

GA Silva et al.

M55 Amazon forest
| Brazilian savannah
B semi-arid

Atlantic forest
= Tropical wetlands
B Lowland plains

Samplngainn R R e el B
year ) (h)
1- Camocim de Sao Félix, PE g::ﬂig;ﬂﬁv 30.0 29 80 15.0 986 7.40
2 Goianapolis, GO ;gog?gg'\.sv 209 238 177 1300 667
3-Uberlandia, MG lguggfg% 247 230 188 1550 6.80
4-Santa Tereza, ES ;g:ggg?ﬁ 300 200 160 1400 6.03
5-Vigosa, MG ig:g;g:&, 260 200 140 1220 .10
6-S80 Jodo da Barra, RJ i:%gii{ 275 251 21.0 1250 5.90
7- Paulinia, SP ﬁ:g‘:g&, 281 217 153 1359 7.12

Figure 1. Sampling sites of the field populations of the tomato pinworm Tuta absoluta.

2 MATERIAL AND METHODS

2.1 Insect populations

The tomato pinworm populations were collected in commercial
tomato fields from seven different sites belonging to three Brazilian
biomes - semi-arid, Brazilian savannah and Atlantic forest (Fig. 1).
These biomes represent the Brazilian macroregions of tomato
cultivation. The laboratory colonies were established from at
least 200 field-collected individuals from each sampling site and
maintained in large numbers to minimise loss of genetic variability.
The populations were reared in a laboratory at 25 4+ 0.5 °C, with a
relative air humidity of 75 4+ 5% and a photophase of 12 h. Each
population was reared in four wooden cages (40 x 40 x 40 cm)
covered with organza: one for oviposition, one with first- and
second-instar larvae, one with third- and fourth-instar larvae
and one for pupation and adult emergence. The larvae were
fed with tomato leaves from plants of the Santa Clara cultivar,
cultivated under greenhouse conditions without any insecticide
application.' Only insects reared for at least one generation in
the laboratory (usually between two and four) were used in the

bioassays to prevent expression of insecticide tolerance due to
the distinct environmental conditions at the sampling sites (i.e.
without a genetic basis).

2.2 Insecticides

Ten insecticides were used in the present study. Six insecticides
were neurotoxic (concentration of active ingredient indicated):
abamectin 18 g L~ EC (emulsifiable concentrate) (Syngenta, S&o
Paulo, Brazil), bifenthrin 100 g L~! EC (FMC Brasil, Campinas, Brazil),
deltamethrin 10gL~" EC + triazophos 350gL~" EC (Bayer SA,
Sao Paulo, Brazil), indoxacarb 300gL~" WG (water-dispersible
granules) (Du Pont, Barueri, Brazil), permethrin 500 g L~' EC (Syn-
genta, Sao Paulo, Brazil) and spinosad 480 g L' SC (suspendable
concentrate) (Dow AgroSciences, Sao Paulo, Brazil). Three were
insect growth regulators inhibiting chitin synthesis: difluben-
zuron 250 g L~ WP (wettable powder) (Crompton Ltd, Rio Claro,
Brazil), teflubenzuron 150 g L~' SC (BASF, Guaratingueta, Brazil)
and triflumuron 250 g L~ WP (Bayer, S&o Paulo, Brazil). The re-
maining insecticide consisted of spores of the bacterium Bacillus
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thuringiensis var. kurstaki strain HD-1(33.60g L' SC; 17600iug™~";
Abbott Laboratories/FMC Quimica Brasil Ltda, Uberada, Brazil).
These products represent the main groups of insecticides rec-
ommended for managing the tomato pinworm in Brazil, except
for the insecticide mixture deltamethrin + triazophos, which was
being tested against this insect.!>®

2.3 Insecticide resistance bioassays

Twodistinct strategies for concentration-response bioassays were
carried out, one for neurotoxic insecticides and the other for
chitin synthesis inhibitors and B. thuringiensis. This was necessary
because neurotoxic insecticides exhibit quick action and affect all
larval instars of T. absoluta. In contrast, chitin synthesis inhibitors
and B. thuringiensis exhibit stronger activity against the first- and
second-instar larvae but exhibit slower insecticidal activity than
neurotoxic insecticides.!”®

2.3.1 Neurotoxic insecticides

Tomato leaflets were immersed for 5 s in insecticide solution and
shade dried for 2 h. The leaves were subsequently placed in petri
dishes (9 cm diameter x 2 cm height) with inner walls coated with
Teflon® PTFE (DuPont, Wilmington, DE) to prevent insect escape.
Ten third-instar larvae were placed in each (open) petri dish, which
was placed into a rearing chamber at 25 + 0.5 °C, 75 + 5% relative
humidity and 12 h photoperiod. Insect mortality was assessed
after 48 h of exposure, and a larva was considered to be dead
if unable to crawl the length of its body when prodded with a
fine paint brush. A total of 6-10 different concentrations of each
insecticide were used, besides the control where only water was
used (to correct for natural mortality). Four replicates were used for
each concentration and insecticide, and the bioassays were carried
out following a completely randomised design. The bioassays for
each insecticide were simultaneously performed under the same
conditions, as detailed above.

2.3.2 Growth-regulating insecticides and B. thuringiensis

The experimental design was also completely randomised and
simultaneously carried out for each insecticide, but with three
replicates for each concentration and insecticide. Each replicate
encompassed a 2 L plastic PET bottle containing a tomato leaf
previously immersed in insecticide solution. The leaf petiole was
kept immersed in a 100 mL glass flask with water. Each bottle
had a 10 x 15cm hole to allow larva introduction, after which
it was covered with organza to prevent insect escape. Twenty
second-instar larvae were released in each bottle. Insect mortality
was assessed after 7 days of exposure.

2.3.3 Data analysis

Concentration—-mortality results were subjected to probit analysis,
correcting the data for natural mortality (PROC PROBIT)."
Resistance ratios were determined on the basis of the LCsq using
the most susceptible population as reference. The 95% confidence
intervals for resistance ratios were estimated following Robertson
and Preisler,®® and considered significant if not including the
value 1.

2.4 Assessment of potential insecticide control failure

The assessment of potential insecticide control failure was carried
out using the same experimental units as described for the
concentration-response bioassays and comparing the mortality

caused by the recommended label rate of each insecticide (mid-
concentration from the registered range) and the lower threshold
at LCgo estimated for each compound. The 80% mortality was
used as reference because this is the minimum level of efficacy
required for registration of an insecticidal compound in Brazil
by the Ministry of Agriculture.?! Therefore, this is the minimum
expected level of efficacy without control failure due to insecticide
resistance. The insecticide mortality caused by the label rate
was considered to be significantly lower than 80% when the
recommended rate was lower than the lower threshold of the
95% fiducial interval of the LCgg of the insecticide for the tested
insect population. The registered and recommended label rates of
the respective active ingredients in Brazil were: 0.18 mg mL~" for
abamectin, 0.072mg mL~" for B. thuringiensis, 0.05mg mL™'
for bifenthrin, 0.032mg mL~" for deltamethrin + triazophos
(preliminary recommendation), 0.4 mg mL~" for diflubenzuron,
0.024mg mL~" for indoxacarb, 0.5mg mL~" for permethrin,
0.06 mg mL~" for spinosad, 0.0375mg mL~" for teflubenzuron
and 0.15 mg mL~" for triflumuron.

2.5 Relationship between weather conditions

and insecticide resistance

The annual average data of weather variables [namely air
temperature (minimum, average and maximum), relative air
humidity, rainfall, wind speed, photoperiod and insolation] were
collected for each insect sampling site. The weather variables
exhibiting significant correlation with the LCso values (P < 0.05)
were subjected to principal component analysis (PCA) using the
Canoco 4.5 system and following Ter Braak.2? The biplot ordination
gradient was generated with Canodraw 3.0. The gradients of
response were represented by vectors with the origin at the
central point of the two axes of the ordination diagram. The
vector length is proportional to the variable importance. Vectors
with the same direction and orientation represent variables with
positive correlation, while vectors with the same direction and
opposite orientation represent negative correlation. Variables are
not correlated when the angle between the vectors is 90°.

2.6 Spatial dependence of insecticide resistance

The semi-variance statistical model of the LCsy values of insect
population for each insecticide and the distance between the
sampling sites of each insect population were used to determine
the spatial dependence of insecticide resistance in the tomato
pinworm. The distance between the sampling sites of each
insect population were determined using geographic coordinates
determined by a global position system (GPS 12XL; Garmin
International, Olathe, KS).2*> The semi-variograms were estimated
from the LCso semi-variance data of each population, for each
insecticide, and used as dependent variables in regression analysis,
with the distance between sampling sites as an independent
variable. The first inflection point of the semi-variogram curve
represents the maximum distance of interference between
populations of the tomato pinworm regarding susceptibility to
a given insecticide.?*

3 RESULTS

3.1 Insecticide resistance

The tomato pinworm populations exhibited only low levels of
resistance (<12-fold) to the neurotoxic insecticides abamectin
(1.14-8.9-fold) and spinosad (1.2-4.8-fold) and to the pyrethroids
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asterisk following the resistance ratio at LCsq indicates a significant level of resistance

Table 1. Relative toxicity of bifenthrin, permethrin and deltamethrin + triazophos to populations of the tomato pinworm T. absoluta, from different
biomes. An asterisk following the resistance ratio at LCsq indicates a significant level of resistance
Population n  Slope £SEM  LCsq (95% FL) ug Al mL~" RRso (95% CL) %2 P
Bifenthrin Semi-arid Camocim de Sao Felix 200 1.24+0.17 99.97 (68.98-156.13) 1136 (7.17-17.99)* 323 0.36
Savannah Goianapolis 200 2.63+0.34 8.80 (6.62-10.93) 1.00 (0.71-1.40) 219 053
Uberlandia 240 1.90 £ 0.24 32.14 (24.37-40.85) 3.65 (2.59-5.16)* 1.79 077
Atlantic forest ~ Santa Tereza 280 2.81+£0.32 14.68 (12.71-17.77) 1.67 (1.25-2.23)* 2.09 091
Vigosa 200 5.58 +0.96 32.18 (28.70-36.13) 3.66 (2.81-4.76)* 0.01 0.99
Séo Jodo da Barra 200 3.384+0.53 26.86 (19.47-33.24) 3.05(2.16-4.31)* 0.5 0.92
Paulinia 240 1.77 £0.26 26.50 (20.70-36.04) 3.01(2.11-4.30)* 1.65 0.80
Permethrin Semi-arid Camocim de Séo Felix 280 1.29+0.14 736.31 (534.93-1309) 1248 (7.14-21.80)* 275 0.74
Savannah Goianapolis 200 1.23£0.15 79.01 (47.62-118.15) 1.34(0.71-2.52) 254 047
Uberlandia 240 1.53+0.17 247.51 (169.57-338.62) 4.19 (2.38-7.40)* 1.1 0.89
Atlantic forest ~ Santa Tereza 280 2.53+0.31 411.70 (333.91-488.38) 6.98 (4.26-11.43)* 1.88 0.75
Vigcosa 200 1.06 £0.12 59.01 (36.05-92.48) 1.00 (0.52-1.91)* 295 034
Sao Joao da Barra 280 3.35+0.34 360.03 (310.11-414.17) 6.10 (3.78-9.86)* 2.89 0.71
Paulinia 300 2.61+0.29 258.49 (196.77-320.93) 4.38(2.62-7.33)* 499 041
Deltamethrin +  Semi-arid Camocim de Sao Felix 200 9.96 + 0.05 12.46 (11.41-13.61) 1.56 (1.15-2.13)* 291 0.09
triazophos
Savannah Goianapolis 200 1.59+0.25 8.83 (6.56-12.26) 1.11(0.77-1.58) 221 053
Uberlandia 240 2.30+0.39 7.98 (6.32-9.74) 1.00 (0.75-1.33) 234 0.67
Atlantic forest  Santa Tereza 200 2.144+0.40 12.13 (9.56-15.89) 1.52 (1.11-2.07)* 1.2 0.54
Vigosa 200 17.41+£2.79 10.61 (10.10-11.01) 1.33(1.08-1.63)* 039 094
Séo Jodo da Barra 200 2.75 4+ 0.66 12.96 (9.85-15.50) 1.62(1.23-2.15)* 218 0.53
Paulinia 240 3.38 £ 0.52 10.20 (8.87-11.53) 1.28 (1.01-1.62)* 1.15 0.88
Table 2. Relative toxicity of abamectin, spinosad and indoxacarb to populations of the tomato pinworm T. absoluta from different biomes. An

Population Slope = SEM  LCsg (95% FL) ug Al mL~" RRsg (95% CL) x? P
Abamectin  Semi-arid Camocim de Séo Felix 280 2.68 +0.30 0.32(0.27-0.37) 1.14 (0.62-2.08) 322  0.66
Savannah Goianapolis 240 0.76 = 0.10 0.41(0.21-0.45) 1.47 (0.64-3.41) 113  0.88
Uberlandia 240 0.98 +0.13 0.28 (0.15-0.51) 1.00 (0.44-2.28) 150 0.82
Atlantic forest ~ Santa Tereza 200 1.46 +0.21 0.73 (0.44-1.73) 2.60(1.19-5.70)* 134 0.71
Vigosa 240 1.89 +0.22 2.51(1.71-3.86) 8.92 (4.58-17.38)* 064 0.95
Sdo Jodo da Barra 240 2.07 +0.28 0.37(0.25-0.51) 1.34 (0.68-2.62) 223  0.69
Paulinia 280 2.76 £ 0.55 0.47 (0.30-0.61) 1.68 (0.87-3.25) 082 093
Spinosad Semi-arid Camocim de Sdo Felix 200 3.054+0.32 1.44(1.17-1.77) 3.09 (2.02-4.71)* 0.59 0.89
Savannah Goianapolis 240 1.49 +0.15 0.66 (0.44-0.99) 1.42(0.82-2.44) 397 040
Uberlandia 200 2.72+0.30 2.26 (1.81-2.80) 484 (3.16-7.41)* 332 034
Atlantic forest  Santa Tereza 200 1.144+0.18 0.55(0.28-0.88) 1.18 (0.62-2.27) 253 046
Vigosa 280 1.544+0.18 1.75(0.80-3.18) 3.74 (1.75-7.98)* 138 0.92
Sdo Jodo da Barra 240 1.75+0.18 0.57 (0.43-0.75) 1.22(0.77-1.93) 1.22 0.87
Paulinia 240 1.734+0.26 0.46 (0.29-0.64) 1.00 (0.59-1.69) 195 074
Indoxacarb ~ Semi-arid Camocim de Séo Felix 200 1.494+0.19 1.62 (1.00-2.54) 4,09 (2.14-7.79)* 122 074
Savannah Goiandpolis 200 2.45+£0.33 1.51(1.22-1.90) 3.81(2.08-7.00)* 299 039
Uberlandia 240 0.92+0.10 10.80 (6.06-17.67) 27.25 (12.59-58.99)* 2.01 0.73
Atlantic forest ~ Santa Tereza 280 1.254+0.20 0.39 (0.19-0.65) 1.00 (0.45-2.24) 0.78 0.97
Vicosa 240 1.1£0.13 5.40 (3.04-8.56) 13.61 (6.37-29.09)* 144 083
Séo Jodo da Barra 200 1.39+0.19 10.82 (7.02-15.62) 27.29 (13.72-54.29)* 466 0.19
Paulinia 280 1.01£0.12 1.53 (0.98-2.26) 3.87(1.92-7.78)* 848 0.20

bifenthrin (1.7-11.4-fold) and permethrin (1.3-12.5-fold), and
negligible levels of resistance to the mixture deltamethrin +
triazophos (1.1-1.6-fold) (Tables 1 and 2). Pyrethroid resistance
prevailed in the semi-arid region, while the highest levels of
abamectin resistance were observed in an insect population from
the Atlantic forest, and the highest level of spinosad resistance

was observed in the Brazilian savannah. Among the neurotoxic
insecticides, indoxacarb exhibited the highest levels of resistance
(between 13.6- and 27.3-fold) in the pinworm populations,
reaching moderate levels in the Atlantic forest and Brazilian
savannah. In spite of the overall low levels of insecticide resistance
to neurotoxic compounds (except for indoxacarb), the slopes of

______________________________________________________________________________________________________________|]
wileyonlinelibrary.com/journal/ps © 2011 Society of Chemical Industry Pest Manag Sci 2011; 67: 913-920




Control failures and spatial distribution of insecticide-resistant Tuta absoluta

WWW.S0Ci.org

@)
SCIi

Table 3. Relative toxicity of diflubenzuron, teflubenzuron, triflumuron and B. thuringiensis to populations of the tomato pinworm T. absoluta from
different biomes. An asterisk following the resistance ratio at LCsq indicates a significant level of resistance
Population n  Slope+SEM  LCso (95% FL) ug AlmL™! RRso (95% CL) x? P
Diflubenzuron  Semi-arid Camocim de Sao Felix 300 1.17 £ 0.15 20543 (13 199-30609) 57.39 (26.10-126.19)* 0.92 0.81
Savannah Goiandpolis 240  0.75+0.07 358(178.85-709.10) 1.00 (0.38-2.60) 097 061
Uberlandia 240 0.68 £ 0.11 1182 (642.41-2119) 3.30(1.37-7.95)* 212 034
Atlantic forest Santa Tereza 300 0.40£0.04 924.42(365.38-2277) 2.58 (0.84-7.89) 230 0.51
Vigosa 300 1.80 £0.36  842.64(598.03-1070) 2.35(1.14-4.86)* 207 055
Séo Jodo da Barra 240 1.26 +£0.24 12915 (8411-21523) 36.08 (16.18-80.45)* 0.77 0.68
Paulinia 300 0.88 +0.25 1019 (230.96-1779) 2.85(1.01-8.01)* 0.23 097
Teflubenzuron Semi-arid Camocim de Séao Felix 360 1.18 +0.19 2.79(1.42-4.22) 2.95 (0.98-8.90) 1.88 0.75
Savannah Goianapolis 240 0.58 +0.09 210.70 (67.53-543.09) 222.67 (55.51-893.15)* 0.33 0.84
Uberlandia 240 0.75+0.11 0.94 (0.27-2.21) 1.00 (0.25-4.02) 0.57 0.75
Atlantic forest Santa Tereza 240 1.27+0.22 3.02 (1.56-4.54) 3.20(1.07-9.59)* 136 0.50
Vigosa 240 0.66 +0.16 47.94 (27.22-108.39) 50.67 (16.05-159.93)* 1.33 0.51
Séo Joao da Barra 400 0.56 +0.09 3.75(1.74-7.37) 3.96 (1.20-13.13)* 130 0.93
Paulinia 300 0.63 +0.08 65.28 (29.53-149.54) 68.99 (19.60-242.89) 1.86 0.60
Triflumuron Semi-arid Camocim de Sdo Felix 240 1.49+£0.19 1.62 (1.00-2.54) 4.09 (2.14-7.79)* 122 074
Savannah Goianapolis 420 0.38 +0.06 162.54 (50.68-392.86) 1.00 (0.26-3.89) 1.73 0.88
Uberlandia 300 3.10+0.46 15973 (13049-18691) 98.27 (37.02-260.85)* 3.19 0.36
Atlantic forest Santa Tereza 240 1.87 £0.35 1924 (1134-2619) 11.84 (4.22-33.23)* 036 0383
Vicosa 240 0.65 +0.29 352.54(139.37-665 975) 2.17 (0.45-10.56) 1.10 0.29
Sdo Jodo da Barra 240 1.99 £ 0.50 25015 (19 160-40 146) 153.91 (56.09-422.27)* 0.53 0.76
Paulinia 360 1.04+£0.20 681.19(263.67-1144) 4.26 (1.34-13.56)* 1.70 0.79
B. thuringiensis ~ Semi-arid Camocim de Sdo Felix 300 1.17£0.15 88.11 (48.17-137.37) 1.27 (0.55-2.95) 0.77 0.81
Savannah Goianapolis 240 1.57+£0.25 176.72 (108.68-239.78) 2.55(1.18-5.51)* 522 0.61
Uberlandia 240 1.54+0.28 69.41 (25.72-118.54) 1.00 (0.38-2.61) 266 034
Atlantic forest Santa Tereza 300 0.374+0.14 552.51(150.22-1 886 603) 7.96 (0.89-71.17) 030 0.51
Vicosa 300 2.19+0.20 337.70(281.77-404.61) 4.87 (2.41-9.82)* 2.34 055
Sdo Jodo da Barra 240 1.58 £0.29 81.69 (29.83-140.17) 1.18 (0.45-3.09) 2.70 0.68
Paulinia 300 2.47 +£0.28 390.92 (319.98-466.44) 5.63(2.79-11.39)* 469 0.97

the concentration—mortality curves for each insecticide varied
significantly among populations, indicating significant potential
for further selection for insecticide resistance in some pinworm
field populations (Tables 1 and 2). Such variation also exists for
indoxacarb (Table 2), and more curiously for the deltamethrin +
triazophos mixture (Table 1).

Resistance to B. thuringiensis was also low among the insect
populations, but very high concentrations were required in the
bioassays (Table 3). In contrast, moderate to high levels of resis-
tanceto chitin synthesisinhibitors (up to 222.7-fold) were observed
in some pinworm populations. Such moderate to high levels of
resistance were distributed among the three macroregions of
population sampling. The slopes of the concentration-mortality
curves varied among populations, indicating heterogeneous re-
sponse to both chitin synthesis inhibitors and B. thuringiensis
(Table 3).

3.2 Likehood of insecticide control failure

Abamectin, deltamethrin + triazophos and spinosad exhibited
the expected efficacy against the pinworm field populations at
the recommended label rates (Table 4). However, B. thuringien-
sis, diflubenzuron, triflumuron and permethrin exhibited control
failures against all pinworm populations tested, while bifenthrin,
indoxacarb and the chitin synthesis inhibitor teflubenzuron ex-
hibited control failures against some of the pinworm populations
(Table 4).

3.3 Relationship between weather conditions

and insecticide resistance

Among the weather variables, only rain, average air temperature
and insolation exhibited significant correlations (P < 0.05) with
insecticide resistance in the pinworm populations. The principal
component analysis (PCA) with LCso values for each insecticide
and insect population and the three weather conditions at each
population sampling site generated four axes explaining 90.7%
of the observed variance. The PCA diagram allows the recogni-
tion of four groups of correlated trends in insecticide resistance
and the potential influence of weather conditions on such a
phenomenon (Fig. 2). Resistance levels to deltamethrin + tria-
zophos, permethrin, diflubenzuron and bifenthrin are correlated
and vary together, as opposed to resistance to B. thuringien-
sis and abamectin; these two insecticide resistance groups are
negatively correlated and relatively independent of the other
two groups. Resistance levels to triflumuron, spinosad and in-
doxacarb vary together or are positively correlated, and they
are negatively correlated with teflubenzuron resistance. Rain-
fall is positively correlated with B. thuringiensis and abamectin
resistance, and negatively correlated with resistance to bifen-
thrin, diflubenzuron, permethrin and deltamethrin + triazophos.
Insolation exhibits the opposite correlation, but on a smaller
scale, while air temperature is positively correlated with re-
sistance to indoxacarb, spinosad and triflumuron, again on a
small scale, with the opposite correlation with resistance to
teflubenzuron.
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Table 4. Estimated insecticide mortality (%) of populations of the tomato pinworm Tuta absoluta using Brazilian recommended label rates
Brazilian savannah Atlantic forest Semi-arid
Insecticides Uberlandia Goianapolis Paulinia S.JododaBarra Vicosa SantaTereza C.de Séo Félix
Neurotoxic Abamectin 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Bifenthrin 64.0° 97.0 70.0° 83.0 85.0 93.0 35.0°
Delmethrin + triazophos 91.5 80.0 95.0 86.5 100.0 82.0 95.0
Indoxacarb 67.0° 100.0 91.0 70.0° 67.52 100.0 96.0
Permethrin 30.0° 25.0° 20.0° 4,002 60.0° 6.00° 15.0°
Spinosad 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Chitin synthesis inhibitor Diflubenzuron 35.0° 77.0° 59.52 10.0% 64.52 53.0° 20.0°
Teflubenzuron 86.0 34.0° 92.0 50.0° 68.0° 20.0° 91.0
Triflumuron 0.00° 51.0° 25.5° 0.00° 45.02 4,002 52.0°
B. thuringiensis 4412 33.7° 1.12° 46.72 7.00° 2.34° 46.2°
@ Mortality significantly lower than 80% because the label rate is lower than the lower threshold of the insecticide LCgg fiducial interval for the
population.
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Figure 2. Ordination diagram of the principal component analysis (PCA)
of the effect of the air temperature (°C), rainfall (mm year~') and insolation
(h day™") of the sampling sites of the populations of Tuta absoluta in
the LCsg of the insecticides. The length of the vector is proportional to
the importance of the variable. Variables with positive correlation have
vectors with the same direction and orientation. Variables with negative
correlation have vectors with the same direction and opposite orientation.
When the angle between the vectors is 90°, the variables are not
correlated.

3.4 Spatial dependence of insecticide resistance

Significant (P < 0.05) semi-variogram models relating the pin-
worm LCsp values to distance between sampling sites were
obtained for only two insecticides, the pyrethroids bifenthrin
and permethrin. The first inflection points for both models were
at distances of 1027 and 1403 km for bifenthrin and permethrin
respectively (Fig. 3). Therefore, these were the maximum interfer-
ence distances between resistance levels of pinworm sampling
sites.
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Figure 3. Semi-variogram of the LCsq of (A) bifenthrin and (B) permethrin
according to the distance between the sampling sites of the field
populations of tomato pinworm Tuta absoluta. ¢ First inflection point
of the semi-variogram curve (representing the maximum distance of
interference of insecticide resistance).

4 DISCUSSION

Previous studies of insecticide resistance in the tomato pinworm
T. absoluta have focused on either impregnated filter paper
bioassays or topical applications, both approaches using technical-
grade insecticides®~'3 These earlier studies did not survey field
resistance to indoxacarb, spinosad, chitin synthesis inhibitors,
B. thuringiensis and insecticide mixtures.®~'3 Here, suitable
methods were successfully developed for assessing pinworm
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resistance to fast-acting and slow-acting insecticides using
commercial insecticide formulations in approaches resembling
more closely the field application of these compounds. These
two methods of insecticide bioassays made it possible to
recognise pinworm resistance not only to already studied
compounds, such as permethrin and abamectin, but also to newer
neutorotoxic insecticides (indoxacarb and spinosad), to a mixture
of neurotoxic insecticides (permethrin + triazophos), to chitin
synthesis inhibitors and to B. thuringiensis.

The same insecticides are usually employed in the different
Brazilian regions at a given time, but at different application
frequencies, and their use pattern changes with time - abamectin,
cartap and permethrin have been heavily used in the past, but
were later replaced with insect growth regulators (mainly chitin
synthesis inhibitors), and more recently with spinosad.!~36-1°
Among theinsecticides tested in the present study, only abamectin
and permethrin were previously subjected toinsecticide resistance
studies in populations of the tomato pinworm in Brazil®1%12
Low levels of resistance to both compounds were reported
in this country, and abamectin resistance was also reported
in Argentina.®'?2 Here, low levels of resistance to both these
insecticides were also observed, probably reflecting their current
low use in the country compared with the late 1980s. At present,
chitin synthesisinhibitors are the insecticides most frequently used
against the tomato pinworm in Brazil, although the use of spinosad
is increasing. Therefore, the detection of resistance to these
compounds was expected, although the levels of resistance were
still low at the majority of the sampling sites. However, resistance
to chitin synthesis inhibitors does occur across all of the tomato-
producing regions of the country, and high levels of resistance,
particularly to triflumuron and teflubenzuron, were detected at
sampling sites in the Brazilian savannah and Atlantic forest.

Indoxacarb resistance is also a concern in the Brazilian savannah
and Atlantic forest, although the resistance levels are lower
than those of chitin synthesis inhibitors, and at a smaller
number of sampling sites within these two regions. Resistance to
B. thuringiensis was also detected at low levels, but high insecticide
concentrations were required for pinworm control, and control
failures are likely to occur with the use of this insecticide, in
spite of the low levels of resistance observed. Although the 7 day
exposure bioassays used may have limited the expression of
the full potential of such slow-acting insecticide, the relatively
low efficacy of B. thuringiensis may lead to such control failures
even with low levels of resistance, which may be minimised
by mixing B. thuringiensis with mineral 0il.2>2% Bifenthrin, and
particularly permethrin, also exhibited control failure against
the tomato pinworm, in spite of the low levels of resistance to
these compounds in the insect populations surveyed. Indoxacarb
also exhibited control failures, but, unlike permethrin, where the
problem was generalised, this shortcoming took place only with
the populations more resistant to this insecticide - Vicosa and
Séo Jodo da Barra in the Atlantic forest region, and Uberlandia
in the Brazilian savannah. Control failures were also widespread
for the chitin synthesis inhibitors, and more drastically so for
triflumuron, followed by diflubenzuron, a likely consequence of
the more intensive use of the first compound. In contrast, high
levels of efficacy and no pinworm control failure were observed
for spinosad, deltamethrin + triazophos and even for abamectin,
for which insecticide resistance was previously reported both in
Brazil and Argentina.®1012

Weather conditions seem to affect insecticide resistance in
the tomato pinworm populations, except for teflubenzuron

(which was little affected by weather conditions), which may
be due to such conditions favouring the insect population and/or
demanding higher insecticide use, as reported for coffee leafminer
Leucoptera coffeella (Lepidoptera: Lyonetiidae).”?® The tomato
pinworm exhibits high reproductive performance under warmer
and drier conditions, usually requiring higher rates of insecticide
use during this period of the year (i.e. the dry season in Brazil).52°
Indeed resistance levels to indoxacarb, spinosad and triflumuron
are positively correlated and favoured by high temperatures,
while bifenthrin, diflubenzuron, permethrin and deltamethrin
+ triazophos are also correlated and negatively affected by
rainfall (and also favoured by higher insolation). In contrast, high
rainfall seems to favour abamectin and particularly B. thuringiensis
resistance. This may be due to insecticide removal by the
falling rain, requiring additional spraying of an insecticide already
exhibiting lower levels of efficacy in the case of B. thuringiensis.
Lower insolation, in contrast, may favour persistence of both
B. thuringiensis and abamectin, as earlier suggested by field
experiments, leading to higher exposure and thus selection
for resistance to these compounds under such conditions. High
insolation may also favour synergism between some insecticides
and tomato defence compounds, the production of which is
higherunder these conditions.3'32 However, this hypothesis needs
proper testing.

The geographical distribution of insecticide resistance may be
a consequence of dispersal and thus spatial dependence among
populations.?®33 The closer the sampling sites, the more similar will
be the insecticide resistance profile among the insect populations
collected from these sites if spatial dependence really occurs in
the tomato pinworm. No spatial dependence was observed for the
majority of the insecticides tested, suggesting that local factors,
including frequency of insecticide use and weather conditions, play
amajor role in the evolution of pinworm resistance to insecticides.
A similar conclusion was also reached for insecticide resistance in
the maize weevil Sitophilus zeamais (Coleoptera: Curculionidae).3?
Curiously, though, resistance to both pyrethroids bifenthrin and
permethrin in the tomato pinworm populations did exhibit spatial
dependence. Maximum distances of interference were 1027 and
1403 km for bifenthrin and permethrin resistance respectively,
which is rather large. Such distances of interference suggest a
high capacity for population dispersal in this species, which is
supported by the pattern of this species dispersal in Brazil by the
late 1970s, spreading over 2000 km in 2 years, and also in southern
Europe and northern Africa, where the tomato pinworm spread to
several countries in only 3 years.>3*

In conclusion, insecticide resistance in field populations of the
tomato pinworm prevails for the insecticides most frequently
used against them nowadays - the chitin synthesis inhibitors
(diflubenzuron, triflumuron and teflubenzuron). Insecticides used
in the past are still viable, and interruptions of insecticide use
seem to be a sound strategy for managing insecticide resistance
in the tomato pinworm if no positive cross-resistance (or multiple
resistance) exists with the introduced insecticides. Furthermore,
local selection favoured by weather conditions and dispersal seem
important for insecticide resistance evolution among Brazilian
populations of T. absoluta and should be considered in designing
pest management programmes. Variation for further selection
for insecticide resistance does exist in field populations of the
tomato pinworm in all of the major tomato-producing regions in
Brazil, leading to a high risk of insecticide resistance evolution.
Such risk is particularly high throughout the year in the Brazilian
savannah, and also high in the Atlantic forest and semi-arid areas,
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but only during the dry season, dropping to a moderate level
during the rainy season. Only insecticides not exhibiting control
failures should be used in such conditions, and a higher diversity
of insecticides (out of the cross- and multiple-resistance spectra)
should be used in rotation to minimise the risk of evolution of
insecticide resistance.
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