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Pyrethroid resistance is associated with a
kdr-type mutation (L1014F) in the potato tuber
moth Tecia solanivora

Tito Bacca,® Khalid Haddi,”< Maria Pineda,9 Raul Narciso C Guedes*©
and Eugénio E Oliveira®

Abstract

BACKGROUND: The Guatemalan potato tuber moth, Tecia solanivora, has been the most important pest species in
Hispanico-American potato fields since its first record on potatoes in 1956 in Guatemala. This insect pest has been spreading
to other parts of the world, including the Canary Islands in Europe. Tuber moth control relies heavily on the use of insecticides,
including pyrethroids. Here, we assessed the likelihood of control failures and performed concentration-response bioassays in
five Colombian strains of T. solanivora to evaluate their susceptibilities to the pyrethroid permethrin.

RESULTS: Evidence of control failures was observed in four strains tested, which exhibited moderate resistance levels (i.e.
ranging from 5.4- to 24.4-fold). However, no spatial dependence was observed between the permethrin LC;, values and the
geographic distances among the tuber moth strains. In order to evaluate whether permethrin resistance was mediated by
potential mutations in the para-type sodium channels of T. solanivora, the 11IS4-11S6 region of the para gene was PCR amplified
and sequenced from the five strains tested. As demonstrated across a range of different arthropod species that exhibited
knockdown resistance (kdr), we observed a single point substitution (L1014F) at high frequencies in the para gene of all four
resistant strains.

CONCLUSION: This is the first identification of a target-site-alteration-based resistance in the Guatemalan potato tuber moth T.
solanivora, which is widespread and exhibits high frequencies among geographically distant strains, indicating that pyrethroids
are probably becoming ineffective for the control of this pest species.

© 2016 Society of Chemical Industry

Keywords: Guatemalan potato tuber moth; potato pests; permethrin; kdr resistance; voltage-gated sodium channels
|

1 INTRODUCTION tuber moth control remains largely dependent on insecticide
The potato tuber moth Tecia solanivora (Povolny 1973) (Lep- use.*8 However, in most of these Hispano-American countries,
idoptera: Gelechiidae) is an invasive pest species native to insecticide applications take place following a prescheduled cal-
Guatemala that has successfully colonised potato crops in encj,lar,which leads to insec?icide f)\{erusefand potentially'.criggersa
Hispanic America (e.g. Central and South American countries ~ Sefes of pr'oble?ms such as |ns§ct|C|de resistance and environmen-
including Venezuela, Colombia and Ecuador), besides the Spanish jcal cqntamlnatloq. The scenar'lo threatens future control attempts
Canary Islands, causing significant losses in this crop.! ~6 This inva- n Hlspano?Amer.lc.an countries, where only a small number of
sive pest species has great capacity to adapt to warmer regions registered insecticides are allowed to control the tuber moth,
under a scenario of climate change, which has turned T. solanivora
into a threat that can reach new regions in the world.”8 Recent!y,
it was reported for the first time in southern Mexico,9 which raises * Correspondence to: T Bacca, Facultad de Ingenieria Agronémica, Universi-
invasion risks for several potato—growing regions of the United dad c{el ‘Tolima, Ibagué, Tolima, Colombiq, E—mgil: t{'tobacca@gmail.com; or
States. such as the south-west and the east coast.'® EE Oliveira, Departamento .de Enrqrnologlq, Universidade Federal de Vicosa,
’ Vigosa, MG 36570-900, Brasil. E-mail: eugenio@ufv.br

Adults of T. solanivora females lay eggs on the soil surface
near the base of the potato stems. Newly hatched larvae bur- a Facultad de Ingenieria Agronémica, Universidad del Tolima, Ibagué, Tolima,
row into the ground and feed on tubers, completely destroy- Colombia
ing the attacked tuber or facilitating the entry of pathogens.® In b Programa de Pés-Graduacéo em Entomologia, Universidade Federal de Vicosa,
the Hispano-American countries, T. solanivora is a major potato Vigosa, MG, Brasil
pest capable of damaging up to 100% of the potato tubers.!™*
Although some management strategies have been tested to con-
trol this insect pest in Hispanic America (e.g. pheromones, Bt
plants, as well as some biological and cultural strategies), potato d Facultad de Ciencias Agricolas, Universidad de Narifio, Pasto, Narifio, Colombia

¢ Departamento de Entomologia, Universidade Federal de Vicosa, Vigosa, MG,
Brasil
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Table 1. Time, origin, place of collection and host type where the Colombian strains of T. solanivora were sampled

Host type
Month and year County Geographic coordinates (potato variety)
December 2012 Gualmatan 0° 55’ 5.9” N, 77° 34’ 32.6"” W Capiro
December 2012 Ospina Narifio 01° 3’ 15.85"" N, 77° 34’ 49.9" W Capiro
May 2013 Guaitarilla 01° 6’ 3543 N, 77° 33/ 24.64" W Capiro
January 2013 lles 0° 59’ 3.23"” N, 77° 30’ 27.7" W Capiro
January 2013 Siachoque?

@ Pupae were obtained from the Entomological Laboratory of Corpoica in the county of Siachoque (Boyacd, Colombia).

including malathion during potato seed storage and organophos-
phates (e.g. chlorpyrifos, acephate, profenofos), permethrin and
ultimately chlorantraniliprole against adults of T. solanivora in
potato fields."" In Venezuela and Ecuador, chlorpyrifos, profenofos,
triclorphon and fipronil are the insecticides used to secure suitable
control levels.™

The invasive success of species such as T. solanivora generally
depends on factors favouring its rapid adaptation and spread
through different geographical areas.'* Such factors are related
not only to the environment but also to the genetic basis of traits
such as insecticide resistance that may favour invasion success.’>'*
Despite its economic importance and potential risks associated
with insecticide overuse, studies of insecticide resistance and
resistance mechanisms among populations of the potato tuber
moth T. solanivora have been wholly neglected. Moreover, genetic
differentiation among Colombian populations from geograph-
ically distant and separated regions, as recently reported,® may
have serious implications for the species management. Further-
more, the continuous transport of potato tubers between different
regions can lead to genetic homogenisation between the existing
populations, further complicating the control by insecticide use
of this invasive pest if insecticide resistance prevails.

For these reasons, the present investigation was performed to
assess the levels of pyrethroid resistance among field-collected
populations of the tuber moth T. solanivora. We also reported the
cloning and sequencing of a 470 bp fragment (domains 1154 to 11S6)
of the para gene from the studied tuber moth populations and
the identification of a single mutation that has previously been
reported to confer reduced target-site sensitivity to pyrethroids in
several other arthropod pest species.’”> ™1

2 MATERIALS AND METHODS

2.1 Insect populations and rearing

Insects were collected in potato fields of four counties (i.e. Gual-
matan, Guaitarilla, lles and Ospina Narifio) from the Colombian
Department of Narifio during the years 2012 and 2013 (Table 1).
Furthermore, insects of a laboratory strain were obtained from the
Entomological Laboratory of Corpoica in the county of Siachoque
(Boyacd) in Central Colombia (Table 1). The Siachoque strain is a
field-collected population that has been reared for over 12 gener-
ations in an insecticide-free environment, but its susceptibility to
pyrethroid was never tested before.

T. solanivora-infested potato tubers of all five populations
were maintained under controlled conditions (a temperature of
14 + 2 °Cand a relative humidity of 70 + 5%) at the Entomological
Laboratory of the University of Narifno (Pasto, Narifio, Colombia;
latitude 1° 14’ 1.858” N, longitude 77° 17’ 35.871” W, altitude

2488 m). Each population was established with a minimum of 400
individuals, which assured representative genetic variability.

The infested potato tubers were placed into transparent plastic
containers (370 mL) with side windows (3 cm X 3 cm) covered with
pieces of organza veil. Absorbent paper covered the bottom of
each container to remove excess moisture and was changed daily.
The larvae reached the prepupa stage approximately a month
after oviposition, when they left the potato tuber to pupate in the
absorbent paper. Using the characteristics of abdominal sternites
described elsewhere,?® we conducted pupal sex determination.
Groups of 10 pupae (four males and six females) were placed in
other plastic containers until adult emergence. Once the adults
emerged, they were fed with water and honey syrup (10%). Black
crepe paper was placed at the container bottom for female ovipo-
sition. Circular pieces of black crepe paper containing approxi-
mately 20 eggs were cut and placed in plastic containers provided
with non-infested potato tubers and containing absorbent paper
at their bottom. Tuber perforations were made with a sterile pin to
facilitate neonate entry into the tubers. The populations were kept
under laboratory conditions (i.e. 14 + 2 °C and 70 + 5% RH) and in
an insecticide-free environment up to the sixth generation, when
concentration—mortality bioassays were performed, and then up
to the 12th generation, when molecular characterisation of the
11IS4-11S6 region of the para-orthologue gene was performed.

2.2 Concentration-mortality bioassays
Concentration—-mortality bioassays were performed using a com-
mercial formulation of the pyrethroid insecticide permethrin
(384g Al L7"; DuPont, Bogota, Colombia) dissolved in distilled
water and Tween 80 (0.5%). Non-infested potato tubers were
submerged into the insecticide solutions (calculated as mg Al
L=") for 1 min and left to dry at room temperature for 24 h. Seven
insecticide concentrations (ranging from 0.01 to 10000 mg Al L")
were used in these bioassays. In the control treatment, the potato
tubers were immersed into distilled water with 0.5% Tween 80.
The insecticide-treated potato tubers were fixed with silicone
(avoiding any movement of the tubers) into plastic containers
that subsequently received ten adults of the potato tuber moth
T. solanivora (5-7 days old). Water and honey syrup (10%) were
offered ad libitum. Ten replicates, each with ten adults, were used
for each insecticide concentration. The mortality levels were
assessed after 48 h of exposure, and insects were counted as
dead if they were unable to move the length of their body when
prodded with a fine-hair brush.

2.3 Spatial dependence of insecticide resistance
The distance between the sampling sites of each insect strain was
determined using geographic coordinates determined by a global
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Table 2. Oligonucleotide primers used to sequence the 11S4-11S6
domain of the T. solanivora sodium channel. All primers are shown
5" to 3'. Degenerate bases are represented using standard IUB codes:
R=A+GY=C+T,M=A+CandN=A+C+G+T

Primer name Sequence

DgN, GCNAARTCNTGGCCNAC

DgN, GCNAARTCNTGGCCNACNYT
DgN; YTTRTTNGTNTCRTTRTCRGG
DgN, TTNGTNTCRTTRTCRGCNGTNGG
DgSeq; TNCCNMGNTGGAAYTTYAC
DgSeq, RAARTCNGTRAARTTCCANC
Tsol1 CCCTGAACTTATTGATATCC

Tsol2 TGAACTTATTGATATCC

Tsol3 GAGCGGACAAACTTGAAGAT
Tsol4 TGAAGATCCAAAGTTGCTC

position system (GPS 12XL; Garmin International, Olathe, KS).
The semi-variograms were estimated from the LC;, semi-variance
data of each population and used as dependent variables in
regression analysis, with the distance between sampling sites
as an independent variable, as described elsewhere??2 and as
recently emphasised.?® The semi-variogram range is the maximum
distance of interference between strains of T. solanivora regarding
susceptibility to a given insecticide.?’-?*

2.4 Cloning of sequences encoding domain Il

To clone and sequence the domain Il region of the T. solanivora
sodium channel gene, PCR reactions were initially carried out on
cDNA prepared from pools of 15-20 individuals using degener-
ate primers designed against conserved motifs within the [1IS4 and
11S6/11-111 linker regions of the channel protein, following a previ-
ously described method.?> A nested PCR approach was adopted
using primers DgN1 and DgN3 in a primary PCR and primers DgN2
and DgN4 in a secondary reaction (the primer sequences are given
in Table 2). The resulting fragment of the two rounds of PCR was
sequenced using the forward and reverse primers DgSeq, and
DgSeq,. Once the tuber moth sodium channel gene sequence
had been determined, specific primers were designed to perform
direct PCR analysis of genomic DNA. To assess the frequency of
potential mutation(s) within the five populations tested, genomic
DNA was extracted from ten individual insects of each population
using the phenol-chloroform-based method.?® Gene fragments
were amplified in a two-step nested PCR with specific primers Tsol1

and Tsol3 used in primary PCR followed by secondary PCR with
Tsol2 and Tsol4.

PCRreactions (20 pL) consisted of 1.2 uL of template DNA, 0.75 pL
of each primer (10 um), 12 uL of GreenTaq (Fermentas) and 6 pL of
sterile distilled water. The temperature cycling conditions were: 35
cycles of 95°C for 30s, 48-58°C for 60s and 72 °C for 90-120s.
Agarose gel electrophoresis (1.2%) of PCR products was carried
out in 1x TBE buffer, and the Wizard SV gel and PCR Clean-up
System from Promega was used to recover DNA from gel slices
according to the manufacturer’s recommendations. PCR products
of the para gene fragments (470 bp) were directly sequenced (with
the same primers used in PCR) employing the sequencing service
of Macrogen (Seoul, South Korea). Sequences were aligned and
analysed using Sequencher 5.4 software (Gene Codes Corporation,
Inc., Ann Arbor, MI).

2.5 Survey of insecticides used to control T. solanivora
Twenty-four surveys were conducted in each county where T.
solanivora was sampled to recognise the active ingredients used
against the species, as well as to record the number of applications
per cycle in the 3 years previous to the survey. The geographical
coordinates were recorded for each place where the survey was
performed.

2.6 Statistical analysis

The mortality rate of the tuber moth adults was corrected by
the natural mortality observed in the controls (i.e. water-treated
potato tubers) before analysis.?’ The concentration-mortality
curves were estimated by probit analyses using the PROC PRO-
BIT procedure (SAS Institute, 2008), and 95% confidence limits
for resistance ratios at LC;, (RRy,) were estimated as reported by
Robertson et al.?® Resistance was considered to be significantly dif-
ferent (P < 0.05) if the 95% Cl at the RRs, did not include the value
1. In addition, correlations between the resistance ratio, the geo-
graphical distance among the strains and the number of insecti-
cide applications per year were also carried out (PROC CORR; SAS
Institute, 2008). The assumptions of normality and homogeneity
of variance were checked using the procedure UNIVARIATE (SAS
Institute, 2008), and no data transformation was necessary.

3 RESULTS

3.1 Resistance to permethrin

The low 2 values (<5.4) and high P values (>0.05) obtained using
the probit model indicated its suitability for the toxicity estimates.

Table 3. Relative toxicity of permethrin to populations of T. solanivora

Number of Degrees
Population insects of freedom Slope + SEM? LG5, (CI 95%)P (ppm) LCy5 (C1 95%) (ppm) % P RR(LC5)
Guaitarilla 400 2 0.78 + 0.09 1.6(1.1-2.7) 204.1 (73.5-978.0) 023 0.89 1.0(0.4-2.4)
Gualmatan 310 2 1.09+0.161 6.2 (0.4-46.9) 198.1 (29.6-6252.8) 535 0.06 5.8(1.4-24.6)
lles 490 3 1.56 +0.12 16.2 (12.4-21.1) 182.1 (121.5-307.6) 3.97 026 15.0(5.0-19.2)
Ospina narifo 300 5 1.38+0.17 18.3(1.6-31.5) 282.8(137.8-818.9) 1.07 095 16.9(4.9-25.2)
Siachoque 400 2 0.96 +0.08 26.3(18.1-38.8) 1313.0 (643.9-3500.0) 436 0.11 24.4(5.9-42.8)

@ SEM: standard error of mean.
b | C: lethal concentration; Cl: confidence interval.

if their value was greater than 1, as described elsewhere.?

¢ Resistance ratio = LCs of determined strain/LCs, of most susceptible (Guaitarilla) population. The resistance ratios were considered to be significant
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Figure 1. Toxicity of permethrin to Colombian populations of T. solanivora.
The lines denote the lethal concentration (LC) values estimated on the basis
of concentration-mortality bioassays using probit analyses. Symbols show
the averaged mortality for each permethrin concentration applied in each
population of T. Solanivora. The vertical bars represent the standard error
of the average (SE).

Based on their LD, values, the susceptibility to permethrin was
significantly different among T. solanivora populations (Table 3
and Fig. 1). The resistance ratios were considered to be significant
if their value was greater than 1, as described elsewhere.?® The
resistance levels to permethrin among the tuber moth populations
studied varied between 5.8- and 24.4-fold (Table 3). The highest
resistance level was recorded for the Siachoque population, while
the Guaitarilla population was recognised as the most susceptible
population.

3.2 Resistance ratio, geographic distances and number of
insecticide applications
According to the surveys carried out in the geographical regions
where the tuber moth populations were collected, the farmers
employ a prescheduled calendar scheme of sprayings involving a
considerable number of insecticide applications to control differ-
ent insect pests that attack potato plants (Table 4). In the 3 year
period assessed, the total number of insecticide applications var-
ied between 62 (in Ospina Narifio) and 142 (in Guaitarilla) (Table 4).
Considering that in these regions approximately four potato crops
were obtained in this 3 year period, a minimum of seven insec-
ticide applications per potato cycle were made. The pyrethroids
accounted for between 16.6% (Guaitarilla) and 50.7% (Gualmatan)
of the insecticide applications.

Despite this frequent rate of insecticide use, permethrin
resistance was not significantly correlated with the number of
applications of organophosphates (r = 0.32, P = 0.44), pyrethroids

(r=0.26, P=0.53), carbamates (r=-0.53, P=0.17) or other
insecticides (r=0.13, P=0.76). The lack of correlation between
permethrin and non-pyrethroid insecticides suggests a lack of
cross-resistance among them, which would be due to mecha-
nisms other than altered target-site sensibility. Furthermore, no
significant semi-variogram models were obtained for the per-
methrin LCy, values and the geographical distances among the
places where T. solanivora were collected, which indicates a lack
of distance dependence at the spatial scale used and with the
number of sites sampled (nugget variance 144; sill 28.9; range
3810 m; residual sum of square errors 3615; R? = 0.04; model type
Gaussian). The Siachoque population was not used in this analysis
because it was obtained from a laboratory population.

3.3 Sequencing of domain Il of the voltage-gated sodium
channel

The use of a degenerate strategy, based on primers designed
against conserved sequences within the domain Il region of sev-
eral insect para sodium channel gene sequences, enabled the PCR
amplification, cloning and sequencing of a 470 bp fragment of the
tuber moth para gene (GenBank accession). The encoded amino
acid sequence of this fragment is shown in Fig. 1. The sequence
showed high similarity not only to insects such as the housefly
Musca domestica, the fruit fly Drosophila melanogaster and the cot-
ton aphid Aphis gossypii but also to lepidopteran insects such as
the diamondback moth Plutella xylostella, the tomato leaf miner
Tuta absoluta, the cotton leaf worm Spodoptera litura and the fall
armyworm Spodoptera frugiperda.

Preliminary sequencing of RT-PCR ¢cDNA fragments from pools
of 15-20 individuals of all tuber moth populations revealed the
existence of only one point mutation within this region at position
1014, based on the housefly para sequence numbering (GenBank
accession X96668). This mutation is a substitution of the amino
acid leucine by phenylalanine at position 11S6 (L1014F). In pooled
samples, the sequencing indicated that the L1014F mutation was
presentin four out of the five populations. Only the Guaitarilla pop-
ulation did not exhibit this mutation. All of the four populations
exhibited the L to F substitution, and the mutation appeared to be
heterozygous.

The position and sequence of the two introns known to be
present within the sequenced region were determined using
specific primers and genomic DNA of the tuber moth T. solanivora.
The size of the introns was 60 and 58 nucleotides respectively
(Fig. 3). The sequence of both introns was highly conserved across
the five populations studied, and no polymorphic bases were
found.

Genomic DNA was extracted from ten individual adults of each
population and used as template to amplify the 11S4-11S6 region of
the para gene using the specific primers designed from the cDNA
sequence in order to assess the frequency of the mutation found

Table 4. Total number of insecticide applications in potato fields in a 3 year period

Strains Organophosphates Permethrin Pyrethroids® Carbamates Other insecticides
Guaitarilla 18 0 18 36 36
Gualmatan 20 0 72 6 44
lles 0 10 20 20 30
Ospina Narifo 23 6 11 14 14

2 Also includes the number of permethrin applications.
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T. solanivora NLLISIMGRTMGALGNLTFVLCIIIFIFAVMGMQLFGKNYVDNVDRFPDHOMPRW

T. absoluta =~ —— = GDL---

P. xylostella ——I-—————- Ve m— e T-——————— GDL---—

S. frugiperda ~  ———— e GDL---
1S5 L1014

T. solanivora
T. absoluta
P. xylostella
S. frugiperda

11S6

T. solanivora
T. absoluta
P. xylostella
S. frugiperda

NFGSSSL

Figure 2. Amino acid alignment of the [1S4-11S6 domain of the T. solanivora sodium channel with the corresponding sequence of T. absoluta (JQ701800), P.
xylostella (GI2769535) and S. frugiperda (KC435025). Transmembrane segments (1IS5 and 11S6) are indicated by horizontal bars. The position of the L1014F
is boxed.

AAC CTA TTG ATA TCC ATC ATG GGG AGA ACC ATG GGT GCC TTG GGT AAC CTG
N L L 1T S I M G R T M G A L G N L

ACCTTT GTG TTG TGC ATT ATT ATA TTT ATA TTC GCC GTG ATG GGT ATG CAA
T F V L C 1 1 1T F 1 F A V M G M Q

CTT TTC GGC AAA AAC TAC GTG ggtaatatattgtgaccaaaagttataaaatttaacgaaataaacttgatattttca
L F G K N Y V

gat GAC AAT GTG GAC AGA TTT CCT GAC CAT CAG ATG CCG AGA TGG AAT TTT ACC
D NV D R F P D HQ M P R W NF T

GAT TTC ATG CAT TCT TTC ATG ATA GTA TTT AGA GTG TTA TGC GGA GAA TGG ATA
D FM HS F M I V F R vV L C G E W I

GAA TCA ATG TGG GAT TGT ATG CAC GTA GGA GAT GTC TCT TGT ATT CCA TTC TTT
E S M w D C M H V G D V S cC 1 P F F

CTG GCT ACT GTC GTG ATT GGC AAT|CTT |GTG cgtaaattaaacataaaaataataaacagatactgagatc
L A T V VvV I G N| L|V
tttettgtcecacaggtt GTA CTG AAC CTC TTC TTA GCC TTG CTT TTG AGC AAC TTT GGA TCT
vV L N L F L A L L L S N F G S

TCATCT TTA
S S L

Figure 3. Sequence of the 11S4-11S6 domain of the T. solanivora para-type sodium channel gene. The position of the kdr mutation (L1014F) is boxed.
Lower-case letters indicate the intron sequences.

Table 5. Allele frequencies of the mutation L1014F genotypes 4 DISCUSSION
among individuals from each of the five populations of T. solanivora Although insects and mammals have different sensitivities to
pyrethroids,'®?~32 the high toxicity of pyrethroids to non-
L1014F targeted organisms (e.g. some insect predators or parasitoids or
Strains Number of insects SS SR RR even fishes) has hindered their even wider use in agriculture33~3
As a potential result of the intense use of pyrethroid insecticides
Guaitarilla 10 1.00 0 0 for the control of potato tuber moth T. solanivora, control failures
Gualmatén 10 0.80 0.20 0 have been frequently reported and recognised as one of the major
lles ) . 10 0.20 0.75 0.05 causes of the economic losses observed in potato production in
quma Narifo 10 0.10 045 045 Hispanic America.'~® The present investigation demonstrated
Siachoque 10 0.10 045 045 the presence of a single point substitution, L1014F, in the sodium

channels of four permethrin-resistant Colombian populations of
the potato tuber moth T. solanivora.

(L1014F). The results showed that the susceptible population
Guaitarilla exhibited a 100% frequency of susceptible alleles (SS),
while the moderately resistant population Gualmatan exhibited
20% of heterozygous resistant alleles (RS) (Table 5). The three other
populations tested showed either higher frequency of the mutant
heterozygous allele (lles 75%) or high frequency of the resistant
allele equally distributed between the mutant heterozygous (45%)
and mutant homozygous (45%) alleles in the case of Ospina Narifio
and Siachoque (Table 5).

The L1014F mutation was the first target-site alteration associ-
ated with pyrethroid resistance, and it has been detected across a
wide range of different insect species."~'° Our findings concern-
ing the frequencies of L1014F indicated that the observed levels of
pyrethroid resistance are directly related to differences in the fre-
quencies of L1014F mutations. Furthermore, although the number
of populations studied is low (i.e. only five populations), the L1014F
alteration in resistant field populations seems already to be at high
frequencies. Interestingly, although the Guaitarilla and Gualmatan

Pest Manag Sci 2017; 73:397-403
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field populations have been exposed to other pyrethroid insec-
ticides rather than permethrin, they were the populations that
exhibited the lowest frequencies of L1014F mutation. This finding
suggests that the applications of permethrin in such localities will
raise the pressure in selecting resistant individuals. The develop-
ment and spread of insecticide resistance depend on the selection
pressure, the fitness cost associated with the resistant allele and
the gene flow among populations.3®

While the two most resistant populations (i.e. Ospina Narifio and
Siachoque) exhibited the same frequencies of homozygous (RR)
and heterozygous (SR) resistant genotypes, the population of lles
exhibited a higher frequency of the heterozygous (SR) resistant
genotype, and the population of Gualmatan exhibited a low
frequency of the resistant genotype and only in heterozygosity
(SR). Such high frequencies of the L1014F mutation observed in
field populations (e.g. lles and Ospino Narifio) either are the likely
consequence of a long period of selection pressure favouring
this allele (although not necessarily by pyrethroid use) or derive
from a higher frequency of permethrin applications targeting the
control of T. solanivora. However, the latter seems not to be the
case because populations from some sites (e.g. Guaitarilla) still do
not exhibit the L1014F mutation despite having been previously
exposed to other pyrethroid insecticides (Table 5). Alternatively,
the L1014F frequencies in lles and Ospino Narifio might reflect
invasion by populations from other localities (e.g. Siachoque) that
already have such mutations in their genomes.

The findings obtained for the Siachoque population, which
has been maintained in the laboratory for many generations in
a pyrethroid-free environment and showed the highest level of
permethrin resistance, might result from a long period of selec-
tion pressure, reinforcing the hypothesis of a highly frequent
mutation with a lack of fitness disadvantage associated with the
resistant allele. There are many cases in the literature reporting
no apparent disadvantages (in some cases, fitness advantages
were reported) for insecticide-resistant individuals of some insect
species.3’ %0 Although the basis of insecticide resistance costs
and its mitigation is little investigated, allelic replacement (by a
less costly allele) and selection of modifier genes have been sug-
gested as potential mechanisms to ameliorate the cost of insecti-
cide resistance.3®3%4142 | ending more credence to the hypothesis
that L1014F mutation is not associated with any fitness costs in
Colombian populations of T. solanivora, we found that the other
field resistant populations investigated here exhibit high frequen-
cies of L1014F mutation and were uncorrelated with pyrethroid
applications in the surveyed localities during the 3 previous years.

The wide distribution of a target-site-alteration-based resis-
tance among geographically distant populations indicates that
pyrethroids are probably losing efficacy against this pest species
and may support the hypothesis of an ongoing replacement of
susceptible populations by more insecticide-resistant ones with
a higher capacity to invade new areas. Such findings have seri-
ous implications in the management strategies of this pest in His-
panic America, and particularly in Colombia. Recent studies have
suggested gene flow of populations of T. solanivora from Boyaca
(where the most resistant population is located) to other regions
of Colombia, probably through infected potato tuber movements,
emphasising the concern with the introduction of already resistant
phenotypes of this invasive pest species.5 A similar scenario has
been hypothesised for another lepidopteran and closely related
insect, the tomato leaf miner Tuta absoluta. Populations of T. abso-
luta, from various geographical regions, with low genetic variabil-
ity, have been found to harbour kdr-like mutations, and it was

suggested that its rapid expansion through South American coun-
tries and lately to the Mediterranean Basin, North Africa and Asia,
may in part be mediated by the resistance of this pest to chemical
insecticides.'”43 745

Except for a single report related to the F1515C mutation in
mosquito sodium channels,*® all kdr mutations reduce channel
sensitivity to both type | and type Il pyrethroids.'>32 This means
that, once a pest population develops target site resistance to
one pyrethroid, the population is very likely to be cross-resistant
to the entire class of pyrethroids. Integrated control strategies,
including better monitoring of potato tuber movements across
the potato-producing regions, community-based surveillance and
environmental management measures, should be considered in
the long term to reduce the dependence on pyrethroid insecti-
cides to control T. solanivora and contribute to limiting the fast
invasion of the potato tuber moths and its resistant phenotype
into new geographical areas.
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