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Abstract — Introduction. Aphis pomi (De Geer) has developed resistance to organophosphate and carbamate insecti-
cides, as a result of long-term application of these insecticides in conventional apple orchards. For many years, the only
mechanism of resistance identified in aphids was overproduction of insecticide-detoxifying esterases. Materials and
methods. Insecticide resistance of A. pomi, collected from two conventional apple orchards (localities of Radmilovac —
RA and Bela Crkva — BC) and one organic apple orchard (locality of Sur¢in — SU), was tested by bioassays and bio-
chemical assays. Results and discussion. Compared with LCs, values for the susceptible population (organic orchard),
both populations from the conventional orchards were highly resistant to pirimicarb (234.5 and 52.9 times) and moder-
ately resistant to dimethoate (10.7 and 9.0 times). Increased esterase activity was determined in these two resistant aphid
populations. Each of them also produced one esterase isoform more than the susceptible population, when 1-naphthyl
acetate was used as a substrate for zymographic detection; when 2-naphthyl acetate was used as a substrate, only one re-
sistant population produced two new esterase isoforms. In one of the resistant populations acetylcholinesterase (AChE)
was significantly less inhibited by pirimicarb than in the other resistant population and the susceptible population, which
indicates that this population developed another resistance mechanism — Modification of AChE (MACE). Conclusion.
Detoxification of insecticides by the metabolic resistance mechanism of esterase enzymes and mechanism of modifi-
cation of AChE was proven in one aphid population (RA). The other population (BC) has developed only metabolic
resistance (enhanced metabolism by esterases), without modification of the insecticide target site (AChE). Development
of insecticide resistance was caused by long-term application of acetylcholinesterase inhibitors (organophosphates and
carbamates) in these conventional orchards.
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Résumé — Résistance aux insecticides organophosphorés et aux carbamates couramment utilisés sur Aphis pomi
(Hémiptere : Aphididae). Introduction. Aphis pomi (De Geer) a développé une résistance aux organophosphorés et
aux carbamates, a la suite de longues expositions a ces insecticides dans les vergers en culture conventionnelle. Pendant
de nombreuses années, le seul mécanisme de résistance identifié chez le puceron était la surproduction des estérases de
détoxification de I’insecticide. Matériel et méthodes. La résistance aux insecticides des pucerons collectés dans deux
pommeraies en culture conventionnelle (localisés a Radmilovac - RA et Bela Crkva - BC) et dans une pommeraie en
culture biologique (localisé a Surcin - SU), a été soumise a une batterie de bio-essais et de tests biochimiques. Résultats
et discussion. Comparativement aux valeurs de la DL50 pour la population sensible (verger biologique), les deux po-
pulations des vergers conventionnels se sont montrées tres résistantes au pirimicarbe (234,5 et 52,9 fois) et modérément
résistantes au diméthoate (10,7 et 9,0 fois). Une augmentation de 1’ activité estérase a été mise en évidence dans ces deux
populations de pucerons résistantes. Chacune d’elles a également produit un isoforme d’estérase de plus que la popu-
lation sensible, lorsque I’acétate de 1-naphtyle a été utilisé comme substrat pour la détection zymographique. Lorsque
I’acétate de 2-naphtyle a été utilisé comme substrat, une seule population résistante a produit deux nouveaux isoformes
d’estérase. Dans 1’une des populations résistantes, 1’acétylcholinestérase (AChE) a été significativement moins inhibée
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par le pirimicarbe que dans I’autre population résistante ainsi que dans la population sensible, ce qui indique que cette
population a développé un autre mécanisme de résistance — une modification de I’AChE (MACE). Conclusion. La
détoxification d’insecticides par les mécanismes de résistance métabolique des enzymes estérases et de modification
de I’acétylcholinestérase a été démontrée dans le cas d’une population de pucerons (RA). L’autre population (BC) a
seulement développé une résistance métabolique (amélioration du métabolisme des estérases), sans modification du site
cible de I'insecticide (AChE). Le développement de résistance aux insecticides est causé par ’utilisation a long terme
des inhibiteurs d’acétylcholinestérase (organophosphorés et carbamates) dans ces vergers conventionnels.

Mots clés : Serbie / pommier / Malus domestica | Aphis pomi [ résistance aux pesticides / pirimicarbe / estérases

1 Introduction

Production of apple (Malus domestica Borkh.) in Serbia
ranked in the 43" position in the world, with 178,713 t from
over 28,000 ha (FAOSTAT, 2012). In the apple variety assort-
ment of Serbia, ‘Idared’ is the predominant cultivar [1]. One of
the most limiting factors in the apple agro-system is the high
number of biological aggressors - pests, diseases and weeds.
The most common and damaging insect pests on apples in
Europe are codling moth (Cydia pomonella L.) and green ap-
ple aphid (Aphis pomi), and the most economically damaging
diseases on apple are scab and powdery mildew [2]. For many
years pesticides have been widely used to control these pests
and diseases in apples, most intensively in the USA [3] and
France [4]. No wonder that pesticide resistance has become
a big issue in apple production, making many pesticides use-
less for the control of many harmful organisms [5]. Insecti-
cide resistance is very common to some long-used compounds
for insect control [6]. In order to prevent insecticide resistance
development, the IRAC (Insecticide Resistance Action Com-
mittee) recommended the management principles [6] to be fol-
lowed in the long term.

Green apple aphid Aphis pomi (De Geer) is widespread in
Europe, the Near East, North America and New Zealand [7].
It is an important pest in apple orchards in Serbia. Damage,
consisting of curling leaves, honeydew contamination of fo-
liage and fruit, and shoot and fruit malformations, are likely
in 50% of shoots on a mature tree [8]. In most countries,
recommended control products include various organophos-
phate and carbamate insecticides. Some populations of this
pest have developed resistance to organophosphate and car-
bamate insecticides, as a result of long-term application of
these insecticides in conventional orchards. Insecticide resis-
tance has been investigated in many species of aphids, includ-
ing Myzus persicae (Sulzer), Schizaphis graminum (Rondani)
and Aphis gossypii (Glover), using biochemical and molecular
techniques [9—-14]. In the spectrum of resistance mechanisms
in aphids, the most common are: the increased production of
detoxifying esterase [9] and cytochrome p450 monooxyge-
nase [15], target-site resistance involving changes in acetyl-
cholinesterase [16, 17], the sodium channel [18, 19] and nico-
tinic acetylcholine receptor genes [20].

For many years, the only mechanism of resistance iden-
tified in aphids was overproduction of insecticide-detoxifying
esterases. This mechanism of resistance was first implicated
in the late 1960s by demonstration that all resistant strains

showed an increased ability to hydrolyze the model esterase
substrate, 1-naphthyl acetate [9, 21]. Production of differ-
ent esterase isoforms, as well as different amounts of indi-
vidual isoforms between susceptible and resistant strains of
A. gossypii, were found to be a potential mechanism of insec-
ticide resistance in aphids [22]. Many insects can overcome
changes in environmental factors or food composition, includ-
ing the presence of specific inhibitors, by the production of
new enzyme isoforms [23-25].

Acetylcholinesterase (AChE, EC 3.1.1.7) is a serine hydro-
lase, whose primary function is very efficient and specific ter-
mination of nerve impulses at cholinergic synapses, by break-
ing down the neurotransmitter acetylcholine [26]. AChE is the
target for the two large groups of insecticides, organophos-
phate and carbamate compounds, which phosphorylate or car-
bamylate the active site of AChE to block the hydrolysis of
acetylcholine, which leads to the death of an insect [27]. The
alteration of AChE to an insensitive form was demonstrated
as an important mechanism of insecticide resistance in many
agricultural pests [9,11,28]. Intensive use of these insecticides
over the last 50 years has led to the development of resistance
in many pest species that are important in agriculture, or as
vectors of human and animal diseases [29]. This frequently
involves changes in AChE, rendering it less sensitive to the
inhibitors.

Biochemical and toxicity tests have been conducted for
some aphids in many parts of the world [14,30-33]. Insecticide
resistance in green apple aphids has been very little studied.
There are several articles with the results of the acute toxi-
city parameter LCs of imidacloprid, pirimicarb, dimethoate,
lambda-cyhalothrin and pymetrozine, for different populations
of A. pomi originating from conventional and organic apple
orchards in North America [33,34]. One study indicated a sig-
nificant correlation between amounts and activity of esterase
enzymes and pirimicarb and dimethoate resistance of A. pomi
and Aphis spireacola (Patch), based on biochemical tests [35].

This article reports on the first examination in Serbia of
insecticide resistance of A. pomi, collected from three differ-
ent localities. The dimethoate and pirimicarb resistance level
of A. pomi was investigated by bioassays and biochemical
tests, using three strains. The aim of this investigation was to
study the differences between resistant and susceptible strains,
in terms of determining toxicity parameters (LCsq values), as
well as the underlying biochemical parameters: total esterase
activity, differences in produced esterase isoforms and AChE
resistance to insecticide.
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Table I. Concentration series of insecticides (mg a.i. L™!) used in the bioassays for Aphis pomi, collected from the localities of Radmilovac

(RA), Bela Crkva (BC) and Surcin (SU).

RA BC SU
Pirimicarb  Dimethoate  Pirimicarb  Dimethoate  Pirimicarb  Dimethoate
315.00 400.00 56.25 400.00 1.76 50.00
220.50 280.00 39.38 280.00 1.23 35.00
154.35 196.00 27.56 196.00 0.86 24.50
108.05 137.20 19.29 137.20 0.60 17.15
75.63 96.04 13.51 96.04 0.42 12.01
52.94 67.23 0.30 8.40
2 Materials and methods 2.3 Insect material

2.1 Chemicals

All standard chemicals were of analytical grade (or higher)
and were purchased from Sigma-Aldrich (St. Louis, MO,
USA) and Merck (Darmstadt, Germany). Floradur B Fine was
used as potting soil (Floragard GmbH, Oldenburg, Germany).
FitoFert Ultra 20:20:20 + ME, produced by Fertico, Serbia,
was used as fertilizer. The insecticides pirimicarb (Pirimor
25WG, Syngenta, Germany) and dimethoate (Sistemin 40-EC,
Bayer, Germany) were used for bioassays. Pirimicarb of ana-
Iytical standard was purchased from Fluka and was used for
biochemical characterization of enzymes.

2.2 Plant material

Aphids were collected from two conventional apple or-
chards (Malus domestica Borkh. cv. Idared), with extensive ap-
plication of insecticides, in the localities of Radmilovac (RA)
and Bela Crkva (BC), and from one organic apple orchard (cv.
Idared) in the locality of Surcin (SU) in Serbia.

In conventional apple cropping systems, depending on pest
population densities, insecticides are applied 8 to 10 times
per year. The average annual frequency of insecticide spray-
ing, starting from planting (1993) and according to chemical
groups, was as follows:

— In the locality of RA: organophosphates — 2 to 3 times,
pyrethroids — up to 2 times, carbamates (only pirimi-
carb) — 1 to 2 times, neonicotinoids — 1 to 2 times, other
insecticides — up to 2 times;

— In the locality of BC: organophosphates — up to 2 times,
pyrethroids — up to 2 times, carbamates (triazamate or pir-
imicarb) — once, neonicotinoids — up to 2 times, other in-
secticides — 3 to 4 times.

Apple seedlings (cv. Idared) used for raising aphids were
grown in a growth chamber in 5-L plastic pots, containing a
soil mixture of three parts commercial potting soil (Floradur B
Fine) and one-half part perlite. A dilute solution of fertilizer
(FitoFert Ultra 20:20:20 + ME) was applied weekly, as was
previously described by Lowery et al. [33].

Aphid larvae were sampled once, immediately after their
appearance in early April, from the conventional orchards (RA
and BC), previously untreated with insecticides, and from the
organic orchard (SU). The aphid larvae were reared on excised
leaf disks in Petri dishes until maturity. Adult aphids were then
transferred to caged apple seedlings held in a growth chamber
at 24 °C and a photoperiod of 16:8 h (light:dark). Aphids from
a single clone were used to establish the laboratory culture for
bioassays and biochemical assays.

The aphids used in biochemical assays had been previously
stored in triplicate (n = 50), in 50% glycerol solution (wW/w)
at —20 °C.

2.4 Insecticide resistance — Bioassays

Toxicity of pirimicarb and dimethoate, expressed by the
median lethal concentration or LCsy, was tested according to
the IRAC protocol, as described below. The concentration se-
ries of these insecticides were chosen according to preliminary
laboratory experiments and are shown in fable I.

Non-infested apple leaves were dipped in test liquids for
5 sec. Control leaves were dipped in water. The trial was con-
ducted in five replications. The leaves were placed individually
in Petri dishes, each infested with 20 adult aphids after drying
the surface water, and then kept in a thermostat at 20 °C and
relative humidity (RH) of 40-50%. Mortality was assessed
after 24 h and LCsy values were estimated by probit analy-
sis [36]. The resistance ratio (RR) was calculated according to
the formula:

RR = LCsovalue of the RA (BC) population
~ LCs value of the SU population

2.5 Insecticide resistance — Biochemical assays

2.5.1 Aphid homogenization and enzyme extraction
Homogenization was performed with a handheld homog-
enizer. Samples of 50 individual aphids were homogenized in
0.1 mL buffer (20 mM phosphate buffer pH 7, 0.1% Triton
X-100) and incubated for 30 min at 4 °C for enzyme extrac-
tion. Enzyme extracts were obtained after centrifugation for
1 min at 14,000 rpm. Each sample was prepared in triplicate.
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2.5.2 Total esterase activity assay

Esterase activity was tested by spectrophotometric as-
say, using 1-naphthyl acetate (0.3 mM in the homogenization
buffer) as a substrate, according to Devonshire ef al. [37], with
slight modifications. The reaction was conducted for 5 min at
room temperature and stopped by DBLS reagent (Fast Blue
Salt 10 mg mL~" and 5% sodium dodecyl sulfate in the ratio
of 1.0:2.3). Color was developed in 30 min and absorbance
was measured at 620 nm.

2.5.3 Zymography detection of esterase activity

Esterase isoforms were detected by in-gel activity stain-
ing following isoelectric focusing (IEF), using 1-naphthyl ac-
etate and 2-naphthyl acetate as substrates, according to Owusu
et al. [7,13], with slight modifications. The IEF was performed
using the Multiphor II electrophoresis system (Pharmacia-
LKB Biotechnology), according to the manufacturer’s instruc-
tions, on 7.5% polyacrylamide gel with ampholytes (3—10 pH
range). The Broad pl kit (GE Healthcare) was used to provide
pl markers. Zymograms were analyzed using GelAnalyzer.
Proteins in gel were also stained with Coomassie Brilliant Blue
(CBB).

2.5.4 Acetylcholinesterase activity assay

Acetylcholinesterase activity was detected at 25 °C, in a
continual assay using acetylthiocholine iodide (AChI) as a sub-
strate, according to Moores et al. [4, 10], with slight modifica-
tions. 150 puLL of 50 uM AChI solution in the homogenization
buffer and 150 uLL of 75 uM DTNB solution in the homoge-
nization buffer were added to the enzyme extract (80 uL). The
increase in absorbance was monitored every 10 sec, at 405 nm
for 10 min.

Another acetylcholinesterase activity assay was also per-
formed as described above, by adding 0.4 mM pirimicarb to
ACHhI solution. The concentration of the inhibitor was chosen
according to the results obtained by preliminary experiments
(enzyme assays in the presence of pirimicarb in the concentra-
tion range 8 x 1073-8 mM).

2.6 Statistical analysis

The bioassay data were analyzed by the probit
method [36], using Probit Analysis-MSChart 2011 soft-
ware to estimate LCsy values and their 95% confidence
intervals (CI), slopes with standard errors (SE) and chi-
squares (X?). Ratios of LCs values with their lower and upper
95% confidence limits were used to determine significant
differences in sensitivity to insecticides.

The results of biochemical assays were statistically inter-
preted by GraphPad Prism 5, using one-way analysis of vari-
ance (ANOVA), repeated measurements, and the Bonferroni
test at a significance level of P < 0.05.

Table II. LCs, (mg L") values of pirimicarb, based on probit anal-
ysis of mortality rates, 24 h after insecticide application on A. pomi
originating from the localities of Radmilovac (RA), Bela Crkva (BC)
and Surcin (SU).

A, pomi group Slope  LCs X? RR*
(S.E.) (95% CD) (P)

RA 2.99 134.16 0.40 2354
(0.25)  (122.65-146.75) (0.98)

BC 3.04 30.17 1.24 52.9
(0.31) (27.49-33.25) 0.74)

SU 3.12 0.57 0.30 -
(0.25) (0.52-0.62) (0.99)

* RR: resistance ratio.

3 Results and discussion
3.1 Insecticide resistance — Bioassays

The results of the bioassays indicated that the BC and RA
aphid populations were resistant, while the SU population was
susceptible to both insecticides. Aphids from the RA group
showed higher resistance to pirimicarb insecticide than aphids
from the BC group, but the resistance to dimethoate insecticide
was not significantly different between these two groups.

Susceptibility to pirimicarb of the three A. pomi popu-
lations was determined in bioassays (table II). The pirimi-
carb resistance ratios of the RA and BC populations were
235.4 and 52.9, respectively, and the LCs¢ values ranged from
134.16 mg L~! to 30.17 mg L', while the LCs value of the
susceptible SU population was 0.57 mg L™, confirming the
resistance of the RA and BC aphid groups. Aphids from the
RA group were more tolerant to pirimicarb than those from
the BC group. All clones differed significantly based on non-
overlapping 95% confidence intervals for LCs, values.

Different resistance mechanisms have been reported in cer-
tain populations of several aphid species, causing high lev-
els of resistance to many carbamate and organophosphate in-
secticides [10, 38]. Resistance of A. pomi to pirimicarb and
dimethoate, as well as to other insecticides, was also re-
ported [33-35]. One study showed similar results to ours
on dimethoate susceptibility of various green apple aphid
populations from North America, with the highest RR of
11.53 times [34]. Reported resistance to pirimicarb is much
lower in American than in Serbian green apple aphid popula-
tions, with a maximum RR of 4.58 times.

The resistance ratios of the RA and BC aphid populations
for dimethoate were 10.7 and 9.0, respectively, at the LCsg
values of 189.96 mg L' for RA, 158.92 mg L~! for BC and
17.71 mg L=! for SU aphids (table III). The BC and RA popu-
lations did not differ significantly based on overlapping 95%
confidence intervals for LCsy values, but they were signifi-
cantly different from the susceptible SU population.

3.2 Insecticide resistance — Biochemical tests
3.2.1 Total esterase activity

According to the results of the total esterase activity test
and bioassay, aphids derived from the SU population were
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Figure 1. Zymographic detection of total esterase activity in extracts of three aphid groups: A) with 1-naphthyl acetate; B) with 2-naphthyl
acetate; C) protein staining with CBB. Arrows on the left indicate the position of isoforms, marked with E1 to E7. O-Original place of sample
application. Positions of pl markers are indicated on the right (Broad pl kit, GE Healthcare). Aphis pomi groups: RA-Radmilovac, BC-Bela

Crkva, SU-Surc¢in.

Table III. LCs, (mg L) values of dimethoate, based on probit anal-
ysis of mortality rates, 24 h after insecticide application on A. pomi
originating from the localities of Radmilovac (RA), Bela Crkva (BC)
and Surcin (SU).

. Slope  LCsp X2
A-pomigroup ¢ &3 (959, CI) P RR
A 262 189.96 0.15 107

029)  (170.23-211.26)  (0.98)
Be 278 15892 020 9.0
0.24)  (144.31-174.63)  (1.00)
su 306 1771 031 -
025) (16.15-1932)  (0.99)

* RR: resistance ratio.

susceptible (S), while those from the BC and RA populations
proved resistant (R; and R;), as shown in table IV. There are
significant statistical differences among the tested groups ac-
cording to ANOVA (*P = 0.0224, F, 5 = 5.688).

According to the results obtained by the bioassay and to-
tal esterase activity test, the RA and BC populations were re-
sistant, while the SU population was susceptible to the two
applied insecticides. Similar classification was described by
Devonshire [37]. Increased esterase activity is the main mecha-
nism of insecticide resistance in many aphid species [12,13,21,
39-41]. This mechanism of insecticide resistance was first dis-
covered in M. persicae clones [21]. Aphis spiraecola (Patch)
and A. pomi are morphologically similar and often present to-
gether on apple trees, but their susceptibility to insecticides
is different. A. spiraecola showed higher tolerance to pirimi-
carb and dimethoate than A. pomi [35]. There were differences
in the amount and activity of detoxifying esterase enzymes
between these two species and between different populations

Table IV. Resistance levels of A. pomi, according to total esterase ac-
tivity (Ago). Absorbance values are the means of three measurements
per independent aphid sample from the same group. Each assay was
conducted in duplicate. Data followed by the same letters were not
significantly different according to ANOVA. The first letter refers to
the linkage between the SU and RA groups. The second letter refers
to the linkage between the SU and BC groups.

A. pomi  Esterase activity ~ Category Relative
group* (Agp0) £ SEMY of resistance  activity
SU 0.400 £ 0.017%* S 1.0
RA 0.685 + 0.024>* R, 1.7
BC 0.649 + 0.019%* R, 1.6

* RA-Radmilovac, BC-Bela Crkva, SU-Surcin.
¥ SEM-Standard Error of Measurement.

within these species, with a certain correlation between es-
terase activity and tolerance to insecticides [35].

3.2.2 Zymography detection of total esterase activity

Differences between resistant and susceptible aphids were
detected by using 1-naphthyl acetate and 2-naphthyl acetate in
zymograms, and by CBB staining of proteins (figure ). The
results of qualitative and quantitative analyses of the zymo-
gram bands obtained are shown in fable V. Each resistant aphid
population (RA and BC) produced one esterase isoform more
than the susceptible population (SU) if 1-naphthyl acetate was
used as a substrate (figure 1A). A new isoform with pl 6.13 was
induced in the RA population, while another acidic isoform,
with plI 5.06, was induced in the BC group. Relative distribu-
tions of all other common esterase isoforms in the RA and BC
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Table V. Analysis of position (pl) and distribution of esterase isoforms in A. pomi tested groups in zymography detection: a) using 1-naphthyl
acetate as a substrate; b) using 2-naphthyl acetate as a substrate, by the GelAnalyzer program. Relative distribution refers to representation of
individual isoforms (percentage in a pool of all isoforms present in a specific sample). Aphis pomi groups: RA-Radmilovac, BC-Bela Crkva,
SU-Sur¢in.

SU RA BC

Relative Relative Relative
Isoform  pl distribution  pl distribution  pl distribution

(%) (%) (%)
a) 1-naphthyl acetate as substrate
El - - 6.13 320 - -
E2 578 226 5.81 237 572 185
E3 5.66 26.6 563 19.6 5.61 205
E4 555 214 5.55 35 549 174
ES 544 150 541 108 539 200
E6 530 144 525 103 524 114
E7 - - - - 5.06 12.1
b) 2-naphthyl acetate as substrate
El - - 592  30.1 - -
E2 - - 576 125 - -
E3 564 270 562 218 5.60 29.8
E4 553 183 5.50 8.3 549 146
ES 549 126 5.47 53 547 13.6
E6 541 204 539 116 536 184
E7 528 21.7 524 103 523 236

Table VI. Acetylcholinesterase activity in aphid extracts, with and
without pirimicarb. Enzyme activity is presented as the mean of the
values for three independent aphid samples from the same group.
Each assay was conducted in duplicate. Data followed by the same
letters were not significantly different according to ANOVA. The
first letter refers to the linkage between the SU and RA groups. The
second letter refers to the linkage between the SU and BC groups
(P < 0.0001%**, Fs, 0 = 432.3).

Enzyme activity + SEM¥ (U mL™")
without pirimicarb

A. pomi group* PRI
pomt group with pirimicar

mechanisms and recommendations for optimal management
practice, which is shown in the study on A. pomi esterase en-
zyme assays [35]. The results obtained by zymogram detection
of esterase isoforms of all tested aphid populations, using both
substrates, indicate that both A. pomi populations collected
from the two conventional orchards developed mechanisms of
resistance. Expression of new esterase isoforms seems to be in
direct correlation with the resistance mechanisms developed.
The RA population even produced two new esterase isoforms
if 2-naphthyl acetate was used as a substrate for zymogram de-
tection, while both the RA and BC groups produced one, mu-

SU 14.5 £ 0.57*2 8.6 £0.27%% . ) >

RA 164 : 07152 ¥ 01 0,392 tually different, new isoform each, if 1-naphthyl acetate was

BC s 2 _0 '10" . 3 O _0 67" . used. These results are in correlation with the results obtained
2 +0.10" .0 +0.07>

* RA: Radmilovac, BC: Bela Crkva, SU: Surcin.
¥ SEM: standard error of measurement.

populations were also different from such distribution in the
SU population (table Va).

Use of 2-naphthyl acetate as a substrate for zymograms
distinguished the RA group (seven detected esterase isoforms)
from the SU and BC groups (five detected isoforms each)
(figure 1B). Two new isoforms were on the pI 5.76 and 5.92 po-
sitions. Esterase isoforms in the BC group differed from those
in the SU group only in relative distributions of the esterase
isoforms E3 and E7, which were wider in the BC than in the
SU group (table Vb).

Two esterase substrates (1-naphthyl and 2-naphthyl ac-
etate) were used for zymogram detection of esterase isoforms
since using multiple test substrates provides more accurate
information for making predictions on insecticide resistance

by bioassays and the total esterase activity test. All the re-
sults presented show that zymogram detection of esterase iso-
forms could be used for distinguishing resistant from suscep-
tible aphid populations, as well as different resistance levels
between different resistant populations. Qualitative and quan-
titative differences in esterase isoforms were also determined
in resistant and susceptible populations of A. gossypii [13,22].
The expression of different esterase isoforms could be caused
by post-transcriptional modification, e.g. glycosylation, as ob-
served in a resistant strain of Laodelphax striatellus [42], or by
production of new enzyme isoforms. Further analyses would
provide more detailed information on esterase isoform expres-
sion in A. pomi.

3.2.3 Acetylcholinesterase (AChE) activity assay

Acetylcholinesterase activity was examined with and with-
out the presence of the most common carbamate insecticide,
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pirimicarb, and its values are shown in table VI. Without pir-
imicarb, AChE activity was the highest in the RA popula-
tion; slightly lower activity was recorded in the SU population,
while the BC population of A. pomi showed significantly lower
AChE activity. In the presence of 0.4 mM pirimicarb, AChE
activity was considerably lower in all tested aphid groups. The
RA population showed a decrease in AChE activity of 34%,
while in the BC and SU populations it was 42% and 41%, re-
spectively.

Modification of AChE (MACE) was first reported in M.
persicae by Moores et al. [10]. MACE has occurred later
in the evolution and has always been followed by amplifi-
cation of esterase genes [9], and represents the second most
important mechanism of resistance in aphids. Point muta-
tions in the AChE gene cause changes in the AChE struc-
ture by replacement of some amino acids near the catalytic
site of the enzyme [9]. The MACE mechanism of resistance
in aphids has been described in several articles during the last
20 years [10,11,16, 17].

Our results suggest that MACE did not develop in the SU
aphid population. In the presence of pirimicarb, the inhibition
process of AChE was on the same level in the SU and BC pop-
ulations, and it should be noted that the SU population proved
susceptible. AChE was significantly less inhibited by pirimi-
carb in the RA population than in the BC and SU populations.
It indicates that AChE activity was modified in the resistant
RA population of A. pomi. According to our results, the resis-
tant BC population did not develop the MACE mechanism of
resistance.

4 Conclusion

A. pomi has developed the two most common resistance
mechanisms to the most frequently used insecticides in Serbia,
as shown in this paper. Detoxification of insecticides by
the metabolic resistance mechanism of esterase enzymes and
mechanism of modification of AChE was proven in one aphid
population (RA). The other population (BC) has developed
only metabolic resistance (enhanced metabolism by esterases),
without modification of the insecticide target site (AChE). De-
velopment of insecticide resistance was caused by long-term
application of acetylcholinesterase inhibitors (organophos-
phates and carbamates) in these conventional orchards. This
phenomenon of insecticide resistance is an inevitable process
with constant use of insecticides with the same mode of action,
and it is a matter of time when certain compounds will become
useless for pest control. In order to postpone the development
of resistance to effective insecticides, it is recommended to in-
troduce integrated pest management and resistance manage-
ment principles in pest control. This means, among all other
measures, alternating compounds with different modes of ac-
tion classified by the IRAC (Insecticide Resistance Action
Committee), applying more selective insecticides and other
pest management tools, which preserve beneficial arthropods
(predators and parasitoids) in orchards, and including effective
biological and non-chemical control practices. Implementation
of these measures would decrease insecticide resistance risk,
making fruit production much safer.

Acknowledgements. This study was supported by a grant from the
Serbian Ministry of Education, Science and Technological Develop-
ment (project grant number 172048). The authors would like to thank
the Section for Entomology, Department of Phytomedicine, Faculty
of Agriculture, University of Belgrade, for species identification.

References

[1] Rakicevi¢ M., Mileti¢ R., Pesakovi¢ M., Productivity of apple
cv ‘Idared’ grown in the region of Cagak (Serbia), Sustainable
fruit growing: From plant to product, Latvia State Institute of
Fruit-Growing, Dobele, Latvia, 2008.

[2] Tresnik S., Parente S., State of the art of Integrated Crop
Management & organic systems in Europe, with particular
reference to pest management — Apple production, Pesticide
Action Network (PAN) Europe, 2007.

[3] Drogue S., DeMaria F., Pesticide residues and trade, the apple
of discord? Food Policy. 37 (2012) 641-649.

[4] Butault J.P., Delame N., Jacquet F., Zardet G., L’ utilisation des
pesticides en France : état des lieux et perspectives de reduction,
Notes et Etudes Socio-Economiques 35 (2011) 7-26.

[5] Hillocks R.J., Farming with fewer pesticides: EU pesticide re-
view and resulting challenges for UK agriculture, Crop Prot. 31
(2012) 85-93.

[6] Sparks T.C., Nauen R., IRAC: Mode of action classification and
insecticide resistance management, Pesticide Biochem. Physiol.
(2014).

[7] Blackman R.L., Eastop V.F., Aphids on the world’s crops: An
identification and information guide, John Wiley & Sons, 1985.

[8] British Columbia Ministry of Agriculture F.a.F., Tree fruit pro-
duction guide for commercial growers. Interior districts, British
Columbia Ministry of Agriculture, Fisheries and Food, Victoria,
BC, 2000.

[9] Devonshire A.L., The evolution of insecticide resistance in the
peach-potato aphid, Myzus persicae, Philos. Trans. R. Soc. B
353 (1998) 1677-1684.

[10] Moores G.D., Devine G.J., Devonshire A.L., Insecticide-
insensitive acetylcholinesterase can enhance esterase-based
in Myzus persicae and Myzus nicotianae, Pestic. Biochem.
Physiol. 49 (1994) 114-120.

[11] Moores G.D., Gao X., Denholm 1., Devonshire A.L.,
Characterisation of insensitive acetylcholinesterase in
insecticide-resistant cotton aphids, Aphis gossypii Glover
(Homoptera: Aphididae), Pestic. Biochem. Physiol. 56 (1996)
102-110.

[12] Zhu K.Y., He F.Q., Elevated esterases exhibiting arylesterase-
like characteristics in an organophosphate-resistant clone of
the greenbug, Schizaphis graminum (Homoptera : Aphididae),
Pestic. Biochem. Physiol. 67 (2000) 155-167.

[13] Owusu E.O., Horiike M., Hirano C., Polyacrylamide gel
electrophoretic assessments of esterases in cotton aphid
(Homoptera: Aphididae) resistance to dichlorvos, J Econ.
Entomol. 89 (1996) 302-306.

[14] Grafton-Cardwell E.E., et al., Cotton aphid have become resis-
tant to commonly used pesticides, Calif. Agric. 46 (1992) 4-6.

[15] Puinean A.M., Foster S.P., Oliphant L., Denholm I., Field L.M.,
Millar M.S, Williamson M.S., Bass C., Amplification of a cy-
tochrome P450 gene is associated with resistance to neonicoti-
noid insecticides in the aphid Myzus persicae, PLoS Genet. 6
(2010) €1000999.



142

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

(26]

(27]

(28]

Nenad Tamas et al.: Fruits 70 (2015) 135-142

Nabeshima T., Kozaki T., Tomita T., Kono Y., An amino
acid substitution on the second acetylcholinesterase in the
pirimicarb-resistant strains of the peach potato aphid, Myzus
persicae, Biochem. Biophys. Res. Commun. 307 (2003) 15-22.
Li F,, Han Z., Mutations in acetylcholinesterase associated with
insecticide resistance in the cotton aphid, Aphis gossypii Glover,
Insect Biochem. Mol. Biol. 34 (2004) 397-405.
Martinez-Torres D., Foster S.P., Field L.M., Devonshire A.L.,
Williamson M.S., A sodium channel point mutation is asso-
ciated with resistance to DDT and pyrethroid insecticides in
the peach-potato aphid, Myzus persicae (Sulzer) (Hemiptera:
Aphididae), Insect Mol. Biol. 8 (1999) 339-346.

Anstead J.A., Williamson M.S., Eleftherianos 1., Denholm 1.,
High-throughput detection of knockdown resistance in Myzus
persicae using allelic discriminating quantitative PCR, Insect
Biochem. Mol. Biol. 34 (2004) 871-877.

Bass C., Pineau A.M., Andreau M., Cutter P., Daniels M.,
Mutation of a nicotinic acetylcholine receptor beta subunit is
associated with resistance to neonicotinoid insecticides in the
aphid Myzus persicae, BMC Neurosci. 12 (2011) 51.

Needham PH., Sawicki R.M., Diagnosis of resistance to
organophosphorus insecticides in Myzus persicae (Sulz.),
Nature 230 (1971) 125-126.

Delorme R., Auge D., Bethenod M.T., Villatte F., Insecticide
resistance in a strain of Aphis gossypii from Southern France,
Pestic Sci. 49 (1997) 90-96.

Dojnov B., Pavlovi¢ R., Bozi¢, N., Margeti¢, A., Nenadovi¢ V.,
Ivanovi¢ J., Vujci¢ Z., Expression and distribution of cellulase,
amylase and peptidase isoforms along the midgut of Morimus
funereus L. (Coleoptera: Cerambycidae) larvae is dependent on
nutrient substrate composition, Comp. Biochem. Physiol. Part
B: Biochem. Mol. Biol. 164 (2013) 259-267.

Dojnov B., Vuj¢i¢ Z., Bozi¢ N., Margetic A., Vujci¢ M.,
Nenadovi¢ V., Ivanovi¢ 1., Adaptations to captive breed-
ing of the longhorn beetle Morimus funereus (Coleoptera:
Cerambycidae); application on amylase study, J. Insect Conserv.
16 (2012) 239-247.

Silva C.P., Terra W.R., De Sa M.E.,, Samuels R.I., Isejima
E.M., Bifano T.D., Almeida J.S., Induction of digestive alpha-
amylases in larvae of Zabrotes subfasciatus (Coleoptera:
Bruchidae) in response to ingestion of common bean alpha-
amylase inhibitor 1 J. Insect Physiol. 47 (2001) 1283-1290.
Massoulie J., Pezzementi L., Bon S., Krejci E., Vallette
F., Molecular and cellular biology of cholinesterases, Prog.
Neurobiol. 41 (1993) 31-91.

Eldefrawi A.T., Acetylcholinesterases and anticholinesterases,
in: Kerkut G.A., Gilbert L.I. (Eds.), Comp. Insect Physiol.
Biochem. Pharmacol., Pergamon, New York, 1985.

Mutero A., Pralavorio M., Bride J.M., Fournier D., Resistance-
associated point mutation in insecticide-insensitive acetyl-
cholinesterase, Proc. Natl. Acad. Sci. U.S.A. 91 (1994)
5922-5926.

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

[42]

Georghiou G.P., Overview of insecticide resistance. In: Green
M.B., LeBaron H.M., Moberg W.K. (Eds.), Managing resis-
tance to agrochemicals, Am. Chem. Soc., Washington, DC,
1990.

Khodzhaev S.T., Roslavtseva S.A., Abdulaev E., Sobchak M.N.,
Resistance of the cotton aphid to insecticides, Z. Rastenii 12
(1985) 30.

Sun Y.Q., Feng G.-L., Yuang J.-G., Zhu P., Gong K.-Y,,
et al., Biochemical mechanism of resistance of cotton aphids to
organophosphorus insecticides, Acta Entomol. Sin. 30 (1987)
13-20.

Takada H., Murakami Y., Esterase variation and insecticide re-
sistance in Japanese Aphis gossypii, Entomol. Exp. Appl. 48
(1988) 37-41.

Lowery D.T., Smirle M.J., Foottit R.G., Zurowski C.L., Pervea
E.H., Baseline susceptibilities to imidacloprid for green apple
aphid and spirea aphid (Homoptera: Aphididae) collected from
apple in the Pacific Northwest, J. Econ. Entomol. 98 (2005)
188—194.

Lowery D.T., Smirle M.J., Foottit R.G., Beers E.H.,
Susceptibilities of apple aphid and spirea aphid collected
from apple in the Pacific Northwest to selected insecticides,
J. Econ. Entomol. 99 (2006) 1369-1374.

Smirle M.J., Zurowski C.L., Lowery D.T., Foottit R.G.,
Relationship of insecticide tolerance to esterase enzyme activ-
ity in Aphis pomi and Aphis spiraecola (Hemiptera: Aphididae),
J. Econ. Entomol. 103 (2010) 374-378.

Finney D.J., Probit Analysis, Cambridge University Press,
Cambridge, UK, 1971.

Devonshire A.L., Devine G.J., Moores G.D., Comparison of
microplate esterase assays and immunoassay for identifying
insecticide resistant variants of Myzuspersicae (Homoptera:
Aphididae), Bull. Entomol. Res. 82 (1992) 459-463.

Rufingier C., Pasteur N., Lagnel J., Martin C., Navajas M.,
Mechanisms of insecticide resistance in the aphid Nasonovia
ribisnigri (Mosley) (Homoptera: Aphididae) from France,
Insect Biochem. Mol. Biol. 29 (1999) 385-391.

Hedley D., Khambay B.P.S., Hooper A.M., Thomas R.D.,
Devonshire A.L., Proinsecticides effective against insecticide-
resistant peach-potato aphid (Myzus persicae (Sulzer)), Pestic.
Sci. 53 (1998) 201-208.

Siegfried B.D., Swanson J.J., Devonshire A.L., Immunological
detection of greenbug (Schizaphis graminum) esterases asso-
ciated with resistance to organophosphate insecticides Pestic.
Biochem. Physiol. 57 (1997) 165-170.

Han Z., Moores G.D., Denholm 1., Devonshire A.L.,
Association between biochemical markers and insecticide re-
sistance in the cotton aphid, Aphis gossypii Glover, Pestic.
Biochem. Physiol. 61 (1998) 164—171.

Sakata K., Miyata T., Biochemical Characterization of
Carboxylesterase in the Small Brown Planthopper Laodelphax
striatellus (Fallen), Pestic. Biochem. Physiol. 50 (1994)
247-256.

Cite this article as: Nenad Tamas, Biljana Dojnov, Aleksandra Margeti¢, Miroslava Vuj¢i¢, Bojana gpirovié, Novica Mileti¢, Milan Stevic,
Zoran Vujcié. Resistance to common organophosphate and carbamate insecticides in Aphis pomi (Hemiptera: Aphididae). Fruits 70 (2015)
135-142.




	Introduction
	Materials and methods
	Chemicals
	Plant material
	Insect material
	Insecticide resistance -- Bioassays
	Insecticide resistance -- Biochemical assays
	Aphid homogenization and enzyme extraction
	Total esterase activity assay
	Zymography detection of esterase activity
	Acetylcholinesterase activity assay

	Statistical analysis

	Results and discussion
	Insecticide resistance -- Bioassays
	Insecticide resistance -- Biochemical tests
	Total esterase activity
	Zymography detection of total esterase activity
	Acetylcholinesterase (AChE) activity assay


	Conclusion
	References

