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Abstract

BACKGROUND: Tuta absoluta is a devastating pest in tomato production areas worldwide. After its first introduction to Turkey
in 2009, it quickly became the major pest of tomato-growing areas. Although some biocontrol agents have been used, espe-
cially in greenhouses, the main control of T. absoluta relies heavily on chemical insecticides. However, failure in chemical con-
trol has often been reported due to resistance development. In this study, we investigated (i) the population structure of
22 T. absoluta populations across Turkey by analysing haplotypes, based on the cytochrome oxidase subunit | gene; (ii) the effi-
cacy of three registered insecticides from different classes (metaflumizone, chlorantraniliprole and spinosad) in real field-
greenhouse conditions; and (iii) the geographic distribution of target-site mutations associated with insecticide resistance.

RESULTS: The efficacy of spinosad was higher than that of chlorantraniliprole and metaflumizone in the greenhouse trials, as documen-
ted by the mortality rates obtained, up to 14 days post application. Known resistance mutations in ryanodine receptors (RyR) (i.e. the
14790M/K and G4946E), nicotinic acetylcholine receptors (G275E), acetylcholinesterases (A201S) and voltage-gated sodium channels
(F1845Y and V1848l) were found at various frequencies across the populations genotyped. The 14790K diamide resistance mutation
in the RyR has been reported for the first time in T. absoluta populations. Although a total of eight haplotypes were found, the overall
mean genetic distance was lower than 0.001, indicating the high genetic homogeneity among Turkish T. absoluta populations.

CONCLUSION: The results will contribute to design area-wide resistance management programs in T. absoluta control in Turkey.
However, more monitoring studies are needed to implement evidence-based insecticide resistance management strategies in
the frame of integrated pest management.

© 2021 Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION L
Turkey is the fourth biggest tomato grower country in the world

ith 10 million t f It " duction.’ H * Correspondence to: E Inak, Department of Plant Protection, Faculty of Agricul-
with over million tonnes or annual tomato proauction. ow-

ture, Ankara University, Diskapi, 06110 Ankara, Turkey, E-mail: einak@ankara.

ever, crop losses due to biotic and abiotic factors are known to edu.tr; or J Vontas, Institute of Molecular Biology and Biotechnology, Founda-
limit this production. The tomato pinworm, Tuta absoluta tion for Research and Technology-Hellas, Nikolaou Plastira 100, 70013 Herak-
(Meyrick) (Lepidoptera: Gelechiidae), is an invasive pest threaten- lion, Greece. E-mail: vontas@imbb.forth.gr

ing tomato production throughout the world.> This pest can
cause direct and indirect damage resulting in up to 100% yield
losses if not controlled properly.3 a Department of Plant Protection, Faculty of Agriculture, Ankara University,
T. absoluta, originating from South America, was first reported Ankara, Turkey
outside its native continent in Spain at the end of 2006.* After
3 years, this pest was recorded in the Aegean region of Turkey,’
and later found spread throughout the Asian continent® The
putative genetic bottleneck caused by the recent invasion of ¢ Republic of Turkey Ministry of Agriculture and Forestry Directorate of Plant Pro-
T absoluta has been investigated in previous studies,7'8 aIthough tection Central Research Institute, Ministry of Agriculture and Forestry, Ankara,

* Joint first author.

b Plant Protection Department, Faculty of Agriculture, Sirnak University, idil,
Turkey

R . . . Turke;
additional studies may be required to fully elucidate the popula- y
tion structure worldwide. d Department of Plant Protection, Agriculture and Natural Science Faculty, Bile-
Some biological control agents have been used to control cik Seyh Edebali University, Bilecik, Turkey

T. absoluta, especially in greenhouses.”'' In addition, sex

pheromone-based monitoring/control strategies, such as mating

disruption and mass trapping, have also been considered as f Department of Plant and Animal Production, Antalya Akev University, Antalya,
promising alternatives to control of this pest.'> Nevertheless, the Turkey

e BASF, Department of Agricultural Products, Antalya, Turkey
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main control largely relies on chemical insecticides in Turkey."
However, due to developing resistance, registered chemicals
have often failed to control this pest.'*'>

Insecticide resistance development has long been known in
T. absoluta populations even before the spread from their native
origin, Chile.® This primarily includes quantitative changes in
detoxification enzymes as well as altered target-site resistance
mutations,'”” which have been recently reviewed by Guedes
etal."”® After invasion of large areas, decreasing insecticide efficacy
has arisen as a global problem.'*'® Insecticide resistance mecha-
nisms in T. absoluta populations from different continents are
quite similar due to low genetic variation probably caused by a
single spreading point resulting in genetic bottleneck."

Some insecticides are of particular interest in Turkey: the organ-
ophosphates (OPs), such as chlorpyrifos-methyl, the pyrazolines,
such as metaflumizone and indoxacarb, the spinosyns, such as
spinosad, and the diamides, such as chlorantraniliprole.

Along with carbamates, OPs are one of the oldest groups of
insecticides with a long usage history in Turkey and world-
wide. They inhibit acetylcholinesterase, which is a key enzyme
for the hydrolytic metabolism of the neurotransmitter acetyl-
cholin.” As a resistance mechanism to OPs, target-site insensi-
tivity has been known for more than 60 years,”® and various
point mutations have been revealed to confer resistance in
both insects and mites.?"*? An alanine to serine substitution
at position 201 (A201S) in ace-1 has been reported to confer
resistance to OPs in T. absoluta®® and other important arthro-
pod pests. 2427

Pyrazolines such as metaflumizone and indoxacarb block the
voltage-dependent sodium channel, resulting in paralysis of
insects.?®2° Metaflumizone has been used for more than
10 years in Turkey and offers a good alternative in lepidopter-
ous pest control. Two target-site mutations (F1845Y and
V1848l) have been associated with indoxacarb resistance in
T. absoluta *° and also metaflumizone resistance in Plutella
xylostella.3' Both mutations have been functionally validated
and found to confer moderate resistance to both insecticides;
however, F1845Y caused substantially higher resistance levels
to metaflumizone.*?

Spinosad acts as an allosteric modulator of nicotinic acetylcho-
line receptors (nAChRs).3>** After spinosad resistance was first
documented,® decreasing susceptibility level of T. absoluta
populations were reported worldwide.'**537 Resistance to spino-
sad has been associated with increasing P450 monooxygenase
and esterase enzyme activity.>> On the other hand, Silva et al. sug-
gested a target-site mutation, G275E, in a conserved region
towards the top of transmembrane domain 3 as a major resis-
tance mechanism against spinosad, instead of metabolic
resistance.®” In addition, an exon 3-skipping event that produces
a nonfunctional receptor and thus is unaffected by the spinosad
has been described in Spinosad-resistant strains.>® Also, genetic
alterations in the a6 subunit which result in truncated

]
g Institute of Agri-Food and Life Sciences, Hellenic Mediterranean University
Research Centre, Heraklion, Greece

h Institute of Molecular Biology and Biotechnology, Foundation for Research
and Technology-Hellas, Heraklion, Greece

i Pesticide Science Laboratory, Department of Crop Science, Agricultural Univer-
sity of Athens, Athens, Greece

nonfunctional protein have been observed in several insect pest
species, including T. absoluta.3**

Diamides are a recently registered insecticide group.** These
insecticides have been classified as ryanodine receptor (RyR)
modulators and they have been considered as relatively safe to
beneficial arthropods.***> However, shortly after their introduc-
tion to the market, resistance appeared in European T. absoluta
populations.*® The diamide resistance has been associated with
two target-site mutations (14790M and G4946E/V; Plutella xylos-
tella numbering) at RyR of T. absoluta that have been validated
in further studies.*’~*° Metabolic resistance does not seem to
have a major role in diamide resistance in T. absoluta.>®>’

Despite huge economic importance, little is known about insec-
ticide resistance status T. absoluta populations in Turkey. Ugurlu
Karaagac>? reported up to 7.2- and 4-fold resistance ratios in Turk-
ish T. absoluta populations to chlorantraniliprole and metaflumi-
zone, respectively.>®> On the other hand, lower than 7.2-fold
resistance to chlorantraniliprole, metaflumizone and spinosad
was determined in T. absoluta populations collected from the
Aegean region of Turkey.”® However, it is not known whether
resistance reaches ‘practical resistance levels’, i.e. if the reported
resistance phenotypes reduces pesticide efficacy and has practi-
cal consequences for control.>* Elevated detoxification enzyme
activity has been associated with decreasing susceptibility to
insecticides,>>* but there are no molecular studies available for
the presence and frequency of insecticide resistance mutations
in T. absoluta populations from Turkey so far.

In this study, first, a haplotype network analysis in T. absoluta
populations using cytochrome oxidase | gene sequences herein
obtained and some retrieved from the public GenBank database
was performed, to determine the population structure of the pest
across the world. We then conducted greenhouse trials using
chlorantraniliprole, metaflumizone and Spinosad, which are the
most commonly used insecticides in T. absoluta control. Finally,
we screened the known resistance-associated mutation in
T. absoluta populations from important tomato production areas
of Turkey. The results of this study will contribute to the design
of proper insecticide resistance management (IRM) programs in
the country.

2 MATERIALS AND METHODS

2.1 T. absoluta populations

A total of 22 T. absoluta populations were collected from tomato
greenhouses in different locations in Turkey. The tomato produc-
tion of the sampled areas (6.8 million tonnes) accounts for more
than half of the total production of the country (12.8 million
tonnes). Detailed information about location, insecticide usage
history and collection dates of field-collected populations is pre-
sented in Table S1 and Fig. 1.

2.2 Chemicals
Commercial formulations of three insecticides registered for
T. absoluta control were used in field trials (see Table 1 for details).

2.3 Greenhouse insecticide trials

Four greenhouse trials were performed to determine the efficacy
of selected insecticides in a randomized complete block design
with three replications per treatment and each plot consisted of
20 m?. Control plots were only sprayed with water. Before exper-
iments, at least 100 tomato plants were checked and trials were
performed when more than 10 plants were infected by larvae or

wileyonlinelibrary.com/journal/ps

© 2021 Society of Chemical Industry.

Pest Manag Sci 2021; 77: 4741-4748

25U90 17 SUOWILIOD BATTER.D) 3|qedtdde 3 Aq peusAob a1 Sap1e YO ‘88 J0 SaINJ oy AeIIT aUIIUO ABIA UO (SUO 1 IPUGD-PU-SLLLBYWID A3 1A AReAd) 1jBU|U0//:SdIY) SUONIPUOD) PUE SUWLB | aU) 05 *[GZ0Z/ZT/2Z] U0 AiqiT8uliuo A8l “IIecepa UAbS >1ioa|1a Ad 9T59'SU/Z00T 0T/10p/wo" 81w ATeJqIpUIlUO'S UINO(105//:S1y W0 Papeojumod ‘0T ‘TZ0Z ‘8667925T


http://wileyonlinelibrary.com/journal/ps

Population structure and insecticide resistance

®)
SCI

where science
meets business

WWW.S0Ci.org

W SRR
—~
/I/ N ) \\JV /\\ =
7 N A i p- 3
S o A x
TN L
{ ¥ \
U = = /
e | 5 ~ {
ol N
< Y
[ L = @YV BALIKESIR o //\“
&= 'i‘/ Toea
¢
Nk fr
R r\(\/, b
1ZMIR 7
s /
. 14
) S5
v. v 7 {
“ & (¢ SO e < S
£ MUGLA 4 y e ook
o Al w
i ot ~ s < \ _
g ;y/’\ L g ik g b= Tomato production
f
\
. s (ha) ktonne/year
&) a4 t\ areas (
- > e
atd \L./w‘ aad y 100-1000 10-100
Lo
~

1000-10000  100-1000
10000-20000  >1000

Figure 1. Map of the study area and sampling locations of 22 Tuta absoluta populations in Turkey.

eggs of T. absoluta. The registered field doses of chlorantranili-
prole, metaflumizone and spinosad were applied to plants using
a backpack sprayer. Alive larvae on five leaves of 10 plants were
counted for each plot 3, 7 and 14 days after treatment (DAT)
and the Henderson-Tilton formula was used to determine per-
centage mortality values.> Prior to analyses, equivalence of vari-
ance among groups was evaluated using the Levene's test and
the Kolmogorov-Simirnov test was performed to test the normal
distribution of the data. The data were analyzed using one-way
ANOVA with the MINITAB Release 16 package program.*® The
mean differences were grouped using Tukey's test with a = 0.05.
Data are presented as the mean + SEM, and P < 0.05 was consid-
ered statistically significant. More detailed information about
greenhouse trials, such as location, application dates, varieties of
tomatoes and climate data, is provided in Table S2.

2.4 RNA extraction and cDNA synthesis
RNA was extracted from 10 larvae for each population using a
GeneMATRIX Universal RNA Purification Kit (Eurx, Gdarisk, Poland)
following the manufacturer's instructions. The quality and purity
of RNA were determined by a spectrophotometer (Thermo Scien-
tific NanoDrop 2000). The RNA extracts were stored at —80 °C
until further processing.

cDNA synthesis from RNAs isolated from T. absoluta populations
was performed in two steps. In the first step, the reaction mixture

consisted of 1 pg of total RNA and 0.2 pg pL™"' random hexamer
primer was completed to 12.5 pL with diethyl pyrocarbonate
(DEPQ)-treated water and denatured at 65 °C for 3 min. The tubes
were kept on ice for 5 min. In the second stage, an enzyme mix-
ture containing 100 units of Moloney murine leukemia virus
(MMLYV) reverse transcriptase enzyme (Thermo Fisher Scientific,
Massachusetts, USA), 10 units of RNase inhibitor (Thermo Fisher
Scientific, Massachusetts, USA) and 2 pL of 10 pM deoxynucleo-
tide Triphosphates (ANTP) was added in denatured the RNAs mix-
ture and was incubated at 42 °C for 1 h. cDNA was stored at —20 °
C until required for further processing.

2.5 Primers and PCR protocols

The primers and PCR protocols used in this study are presented in
Table S3. The accession numbers of the target gene sequences
were KX519762 for Ryr, JQ701800 for voltage-gated sodium chan-
nel (VGSC), KP771859 for nAChR and KU985167 for ace-1.%374%%7
The new primers were designed using Primer3.>® All PCR reactions
were performed with a thermal cycler (BioRad T100) in a total vol-
ume of 30 pL, including 2 pL of DNA template, 0.5 pL of forward
primer, 0.5 pL of reverse primer, 21 pL of distilled water and 6 pL
of FIREPol Master Mix (or 5x HOT FIREPol Blend Master Mix when
the denaturation time was between 12 and 15 min (see Table S3)
(Solis BioDyne, Tartu, Estonia). Electrophoresis on 2% agarose gel
in 0.5X TAE buffer for 50 min at 100 V was performed to verify the

Table 1. General information on insecticides used in field trials against Tuta absoluta

Active ingredient Trade name Formulation Field dose Al field rate (g ha™") IRAC MoA” Registered date
Metaflumizone 240 g/L Alverde® SC 100 mL/da 240 Group 22B 22.04.2009
Chlorantraniliprole 35% Altacor 35 WG® WG 10 g/100 L 35 Group 28 10.10.2008
Spinosad 480 g/L Laser™ SC 25 mL/100 L 120 Group 5 19.11.1998

“Insecticide Resistance Action Committee (www.irac-online.org) mode-of-action classification.
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Figure 2. Haplotype network analysis of worldwide populations of Tuta
absoluta. The sizes of the circles are proportional to haplotype frequency.
Each solid line indicates a mutation step interconnecting two haplotypes.

size of the PCR products. All PCR products were sequenced in both
directions with the same primers.

The presence and frequency of insecticide resistance mutations
were determined based on the heights of fluorescence peaks
from sequencing chromatograms as previously described® using
BioEdit v.7.0.5.%°

2.6 Analysis of haplotype networks
A total of 72 COI sequences herein obtained using Folmer
primers®' and retrieved from the public GenBank database were
used to determine the number of haplotypes using DnaSP v6.52
All the sequences were cleaned and aligned using BioEdit
v.7.0.5%° and MAFFT v.7.%% PopArt v1.7 was used to draw haplo-
type networks based on the haplotypes generated by DnaSP.%*
The COI sequences herein obtained were submitted to the
National Center for Biotechnology Information database (acces-
sion numbers MW774415 to MW774436).

3 RESULTS AND DISCUSSION

3.1 Haplotype network of T. absoluta populations
worldwide

After alignment, a total of 628 nucleotides belonging to partial
sequences of the mitochondrial genes were included in the hap-
lotype and subsequent network analysis, and 612 out of
628 nucleotides were conserved. Although a total of eight haplo-
types was found, the overall mean genetic distance, the measure
of the evolutionary divergence, was lower than 0.001, indicating
the high genetic homogeneity among Turkish T. absoluta popula-
tions. Hap_1 was determined as the most frequent haplotype
(Fig. 2) and all Turkish populations (included within the Asia con-
tinent, shown in purple) belong to Hap_1.

High genetic homogeneity among all analyzed populations was
determined, similar to previous studies.”®” In line with Yiikselbaba
and Gécmen®® all COI sequences of Turkish populations were
identical, therefore no genetic variation among populations from
different geographic backgrounds has been observed. Although
some degree of genetic variation has been determined in native
populations of T. absoluta, almost no genetic structuring in
T. absoluta populations from invaded areas has been found.?

3.2 Greenhouse insecticide trials

The results of four greenhouse trials are given in Table 2. ANOVA
results showed that the interaction between the efficacy of insec-
ticides in all trials, except KUMLUCA, were found to be statistically
significant (AKSU: df = 2, F = 5.85, P = 0.009; KEPEZ: df = 2,
F =3.97, P=0.032; SERIK: df = 2, F = 7.03, P = 0.004; KUMLUCA:
df =2, F=2.42,P=0.110).

In addition, significant differences were determined between
different time points after treatments in all trials (AKSU: df = 2,
F =10.22, P = 0.001; KEPEZ: df = 2, F = 13.41, P = 0.000; SERIK:
df =2, F=11.00, P=0.000; KUMLUCA: df =2, F=11.70, P = 0.000).

The results for each insecticide are discussed below.

3.3 Resistance status against neurotoxic insecticides
(metaflumizone and OPs)

In general, metaflumizone showed the lowest toxicity in field con-
ditions, especially 7 DAT the efficacy of metaflumizone was

Table 2. Efficacy (% mortality + SEM) of metaflumizone (M), chlorantraniliprole (C) and spinosad (S) against Tuta absoluta in tomato greenhouses of

Turkey

Population Insecticide 3 DAT* 7 DAT 14 DAT

AKSU M 3239 + 5.13Cb 65.92 + 13.87Aa 56.25 + 12.62Aab
C 45.59 + 4.71Bc 76.50 + 1.78Aa 60.33 + 4.22Ab
S 65.45 + 3.57Ab 81.30 + 2.34Aa 75.48 + 4.46Aa

KUMLUCA M 49.86 + 12.39Aa 67.21 + 5.23Ba 59.10 + 7.15Ba
C 60.43 + 8.71Aa 75.30 + 5.94ABa 67.50 + 5.77ABa
S 49.30 + 11.08Ab 85.04 + 3.06Aa 78.87 + 4.43Aa

KEPEZ M 36.46 + 7.91Aa 54.06 + 11.73Ba 52.21 + 12.30Ba
C 45.38 + 14.20Ab 77.89 + 1.70Aa 68.55 + 2.07ABa
S 46.31 + 9.60Ab 83.57 + 1.95Aa 7249 + 2.34Aa

SERIK M 44.83 + 3.45Bc 67.92 + 4.33Ba 55.33 + 0.99Ab
C 56.86 + 4.60Ab 78.55 + 4.19Aa 69.79 + 8.82Aab
S 65.92 + 2.64Ab 82.33 + 2.70Aa 72.30 + 8.50Aab

"Day after treatment.

Different capital letters show statistically significant differences among insecticides for each time level (P < 0.05, Tukey test).

Different lower case letters show statistically significant differences among times for each insecticide level (P < 0.05, Tukey test).
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Table 3. The presence and frequency of resistance-associated mutations (mean + SE) in ryanodine receptors (RyRs), nicotinic acetylcholine recep-
tor (NAChR), acetylcholinesterase (AChE) and voltage-gated sodium channel (VGSC) in 22 Tuta absoluta populations from Turkey

RyRs nAChR AChE VGSC
Population 14790M/K G4946E G275E A201S F1845Y V1848I
KUM* 100 0 0 652+ 15 67.5 + 4.1 15.6 + 4.8
AKS* I/M/K 0 0 64.1+17 0 0
SER* 62.7 +25 0 0 575+28 0 0
KEP* 536 +34 0 0 66.7 + 3.3 206 + 3.5 449 + 23
ELM 576+18 31213 0 56.9 + 0.9 314+02 0
MP 68.5 + 04 280+ 06 0 628 + 6.8 749 £ 24 0
CcK 795 +63 0 0 456 + 2.9 0 0
ERD1 100 0 0 371 £ 5.1 234+19 355+16
ERD2 100 0 0 816 +22 599+ 04 447 + 2.2
TAR 80.6 + 2.1 0 0 596+ 1.6 0 416 + 45
KIR 100 (K) 0 10 706 + 34 52+ 36 29.1+07
1ZM1 66.7 = 1.3 0 0 614 +04 0 0
SEY 718 +4.2 332+29 0 556 +4.0 0 614+13
FET1 650+ 1.6 0 0 569 + 2.5 0 0
FET2 0 544 +57 0 570+ 1.1 56.2 + 2.8 499+ 16
ALA 64.0 + 3.1 60.7 + 9.8 0 464 + 0.6 0 0
BUR1 100 0 0 63.7 + 4.2 535+ 1.1 40.2 + 2.7
BUR2 689 +54 0 0 685+18 347 + 26 428 +56
BUR3 730+19 256+ 13 0 714 +79 69.6 + 1.9 502 + 84
DIK 770 £ 0.7 0 0 552 +3.2 0 0
AYV 546 + 3.5 80.2 + 0.7 0 639 +53 0 0
AFY 816 +22 0 876 +49 66.3 + 2.7 723 £ 20 14.6 + 0.8
“Populations used in greenhouse trials.

significantly lower than other tested insecticides for all popula-
tions,except AKS. In short-term efficacy (3 DAT), metaflumizone
caused lower mortality rates (<50%) when compared with spino-
sad and chlorantraniliprole. In addition, the toxicity significantly
increased in 7 DAT compared with 3 DAT in half of the trials.
Although AKS and SER did not contain known resistance muta-
tions in VGSC, the toxicity of metaflumizone was low, especially
3 DAT, which might reflect the involvement of other resistance
mechanisms. On the other hand, KUM and KEP, which contained
both mutations (but not fixed), showed 67% and 54% mortality
rates at most, respectively.

In the VGSC, more than half of the populations harboured
F1845Y and/or V1848| mutations, but the frequency of mutations
varied substantially according to populations and locations, from
0-74.9% for F1845Y and 0-61.4% for V1848l (Table 3). More than
half of the sampled populations (12 out of 21) contained one of
these two mutations (Table 3). Ten out of 22 populations har-
boured both mutations together, but not fixed. Most of the pop-
ulation from the Mediterranean region of Turkey had both
target-site mutations, therefore repeated use of pyrazoline insec-
ticide should be avoided and rotation of insecticides should be
favoured to create an area-wide chemical control program.

All T. absoluta populations contained the A201S (heterozygous
for all) mutation, possibly reflecting the use of OP compounds in
tomato crops, particularly in the last decade. Interestingly, the
mutation was neither fixed nor absent in sampled T. absoluta
populations and the frequency was between 37.1% and 81.6%.
Similar to our study, a high frequency of A201S mutation was
determined in T. absoluta populations from Iran.%” Although many

OP insecticides have been banned or restricted worldwide,®
others are still used to control various pests. The high frequency
of the A201S mutation indicates a high resistance risk, suggesting
that OPs may not be suitable for the control of T. absoluta in
Turkey.

3.4 Resistance status against chlorantraniliprole
In general, chlorantraniliprole showed better efficiency than
metaflumizone but lower than spinosad in field conditions. In
short-term efficacy (3 DAT), chlorantraniliprole caused lower mor-
tality rates (45.38-60.43%) when compared with spinosad
(46.31-65.92%), except for KUM. In all greenhouse experiments,
decreasing mortality rates after the seventh day of treatment
were observed, probably because of a reduced residue effect of
insecticides and newly emerged larvae. All populations tested in
greenhouse conditions had the 14790M/K mutation, even fixed
for KUM, but mortality rates were higher than 75% 7 DAT, indicat-
ing that this mutation is not enough to cause high resistance
levels to chlorantraniliprole on its own. In line with our results,
Douris et al. reported that the 14790M mutation confers only low
chlorantraniliprole resistance.*®

Both screened diamide resistance-associated mutations were
found in the Turkish T. absoluta populations, but the frequency
of resistance mutations largely varied among populations sam-
pled across the country (0-100% for 14790M/K, 0-80.2% for
G4946E; Table 3). All sampled populations, except FET2, har-
boured 14790M/K mutations and 14790M has been known to con-
fer moderate resistance to flubendiamide.*®®° The 14790M
mutation was fixed for four populations, while KIR was
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determined as the only population containing 14790K mutation
fixed. The 14790K mutation has recently been reported in
P. xylostella,”® but to our knowledge this is the first report of this
mutation in T. absoluta. A calcium imaging study recently eluci-
dated the mechanism of this novel mutation in diamide insecti-
cide resistance, including cyantraniliprole.’® However, the
relationship between 14790K and resistance to diamide insecti-
cides in T. absoluta remains unknown. Functional validation stud-
ies should be performed to reveal the role of this mutation in
diamide resistance.

Seven out of 22 populations (31.8%) contained E (glutamic acid),
but not being fixed, at position 4903 in RyR. Although six popula-
tions harboured the combination of 14790M + G4946E mutations,
both mutations were present as heterozygous. In cases where the
14790M/K mutation was fixed in certain populations, the G4946E
mutation was not present, indicating that there was no combina-
tion of these two mutations in a single haplotype.

Although the introduction of the G4946E mutation using
CRISPR-Cas9 in Drosophila melanogaster resulted in a lethal phe-
notype, G4946V mutation has been known to confer a high level
of chlorantraniliprole and flubendiamide resistance.*® Consider-
ing the frequency of both mutations and the bioassay data, chlor-
antraniliprole and flubendiamide should only be used in rotation
with insecticides belonging to different mode of action groups in
sampled areas. Since lack of cross-resistance against cyantranili-
prole and target-site mutations confer only low cyantraniliprole
resistance,*® use of cyantraniliprole may be favored among
diamides, if needed. In addition, the absence of cross-resistance
between diamides and traditional insecticides is known,”' there-
fore rotation of insecticides should be implemented in tomato-
growing areas when designing resistance management
programs.

3.5 Resistance status against spinosad

Although the toxicity rates caused by spinosad and chlorantrani-
liprole did not differ statistically, the efficacy of spinosad was
higher in most cases (Table 2). Since the mortality rates were
always higher than 80% 7 DAT, spinosad seems to be the only
insecticide that did not cause control failure in field conditions
according to Guedes.”' Among all screened mutations, G275E
was the least frequent mutation in Turkish T. absoluta populations
(two out of 22, fixed for one; see Table 3). This mutation has pre-
viously been reported in important thrips species’>”* and has also
been validated using CRISPR/Cas9 gene editing in Drosophila
melanogaster.”*

Considering the high efficiency and very low frequency of the
G275E mutation, spinosad seems to offer a good alternative for
chemical control of T. absoluta in Turkey. Similarly, spinosad
showed excellent efficacy against Cypriot populations of
T. absoluta.” In addition, since spinosad showed no cross-resis-
tance to other widely used insecticides registered in T. absoluta
control and resistance to spinosad has been known to decrease
in the absence of selection pressure indicating the fitness cost of
resistance development,’® it should be implemented in resistance
management programs.

4 CONCLUDING REMARKS AND
RECOMMENDATIONS

Based on the determination of the efficacy of insecticides in
greenhouse conditions, spinosad showed higher mortality rates
followed by chlorantraniliprole and metaflumizone in both

short- and long-term efficacy. All the previously known
resistance-associated mutations were found in the Turkish
T. absoluta populations, but the frequency of resistance mutations
differed. Three out of 22 populations (AFY, KIR, BUR3) contained
five resistance mutations together, indicating the difficulties in
choosing chemical alternatives in multiple resistant populations.
In addition, high genetic homogeneity seems to cause evolution
of similar insecticide resistance mechanisms in T. absoluta popula-
tions from different geographic regions.

Based on mortality rates and the low frequency of target-site
mutation conferring resistance, spinosad seems to be the best
rotation alternative in chemical control of T. absoluta from Turkey.
More monitoring studies are needed to implement evidence-
based IRM strategies in the frame of integrated pest manage-
ment. In addition, chemical insecticides should be
combined with alternative management strategies such as mat-
ing disruption methods and biological control to decrease the fre-
quency of resistant alleles and for sustainable pest control.
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