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Abstract: Myzus persicae(Sulzer) (Hemiptera: Aphididae) is a polyphagous pest that causes significant losses in many crops.
In the present study, the biochemical and molecular mechanism of acetamiprid resistance in a laboratory-selected M.persicae
population of which the resistance ratios reached 57.5-fold were investigated. This study was conducted in the Isparta
University of Applied Sciences, Agriculture Faculty, Department of Plant Protection in 2018 and 2020. Synergism,
biochemical and molecular assays showed the absence of increased P450 activity in selected population. In addition, no point
mutation in nicotinic acetylcholine receptor (nAChR), the target-site of neonicotinoids including acetamiprid, was detected in
the selected population. These results suggests that high level of acetamiprid resistance might be developed via the
mechanisms other than well-known mechanisms, such as increased P450 activity and target-site mutations. The population
selected with acetamiprid showed decreased susceptibility to imidacloprid, sulfoxaflor, beta-cyfluthrin, and tau-fluvanite
ranging from 1.54 to 4.76. Nonetheless, more studies are needed to support cross-resistance by M. persicae populations
having different genetic backgrounds.
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Yesil Seftali Yaprakbiti Myzus persicae’de (Sulzer) (Hemiptera: Aphididae) Acetamiprid
Direnci: Seleksiyon, Capraz Direnc, Biyokimyasal ve Molekiiler
Diren¢ Mekanizmalar

Oz : Myzus persicae (Sulzer) (Hemiptera: Aphididae), bir¢ok iiriinde dnemli kayiplara neden olan polifag bir
zararhdir.Bu ¢alismada, laboratuarda seleksiyon baskis1 sonucunda direng oran1 57.5 kata ulasan bir M. persicae
popiilasyonunda acetamipriddirencinin biyokimyasal ve molekiiler mekanizmasi arastirilmistir. Calisma 2018-
2020 yillar1 arasinda Isparta Uygulamali Bilimler Universitesi, Ziraat Fakiiltesi, Bitki Koruma bdliimiinde
yirtitiilmiistiir. Sinerjistik, biyokimyasal ve molekiiler ¢aligmalar, seleksiyon popiilasyonunda artan P450
aktivitesinin olmadigm1 gostermistir. Buna ilaveten, seleksiyon popiilasyonunda, acetamiprid dahil
neonikotinoidlerin hedef bolgesi olan nikotinik asetilkolin reseptoriinde (nAChR) herhangi bir nokta mutasyonu
belirlenmemistir. Bu sonuglar, seleksiyon popiilasyonunda artan P450 aktivitesi ve hedef bdlge mutasyonlar
disindaki mekanizmalar yoluyla yiiksek diizeyde asetamiprid direncinin gelistirilebilecegini diisiindiirmektedir.
Acetamipridile selekte edilen popiilasyonda, imidacloprid, sulfoxaflor, beta-cyfluthrin ve tau-fluvanite kars1 1.54
ila 4.76 kat arasinda duyarlilik azalmasi belirlenmistir. Bununla birlikte, farkli genetik ge¢mislere sahip M.
persicae popiilasyonlarinda ¢apraz direncin belirlemek igin daha fazla ¢aligmaya ihtiya¢ bulunmaktadir.

Anahtar sozciikler: acetamiprid, CYP6CY3, monooksijenaz, Myzus persicae, direng

1. Introduction

The green peach aphid, Myzus persicae(Sulzer)
(Hemiptera: Aphididae) is phytophage pest in the
world due to its highly polyphagous nature, short life
cycle, and ability to spread rapidly (Emden
&Harrington, 2017). In addition, they can transmit
nearly 30% of all plant-infecting viruses (Harris &
Maramorosch, 1977; Ng &Perry, 2004; Brault et al.,
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2010). The main control of aphids relies heavily on
chemical insecticides (Dedryver et al., 2010; Bass et
al., 2014). However, due to their excellent ability to
evolve mechanisms that cope with xenobiotics, failure
in chemical control has often been reported (Bass et al.,
2014; Simon & Peccoud, 2018).To date, a total of 477
resistance cases against 81 active ingredients, including
traditional (such as organophosphates and carbamates);
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as well as those from relatively newer insecticide
classes (such as neonicotinoids), have been
documented (Mota-Sanchez &Wise, 2022).

Neonicotinoids, synthetic derivatives of nicotine,
are one of the most important insecticide classes,
accounting roughly for 25% of the global insecticide
sale (Sparks et al, 2020). Acetamiprid is a
neonicotinoid insecticide that is commonly used to
control sucking pests, such as aphids and whiteflies
(Yamada et al., 1999). However, its chemical structure
differs from that of many other members of this group,
hence it is categorized as part of the N-cyanoamidines
subgroup (Jeschke et al., 2011). Acetamiprid belongs
to subclass 4A, which is known as a nicotinic
acetylcholine receptor (nAChR) agonist, according to
the Insecticide Resistance Action Committee (IRAC)
classification (Yamada et al., 1999; Nauen and
Denholm, 2005; Sparks et al., 2020) .In insects,
nAChRs (a member of cys-loop ligand-gated ion
channel superfamily) is widely and densely distributed
in the neuropil regions of the central nervous system
(Tomizawa & Casida, 2003). Neonicotinoids bind to
these  receptors, inhibiting  the  excitatory
neurotransmitter acetylcholine from binding to these
receptors, leading to disruption of the neuronal
transmission and eventually death of the insects
(Abbink,1991; Stenersen, 2004).

Insecticide resistance in M. persicae develops
mostly through metabolic pathways or target-site
mutations, similar to other insects (Bass et al., 2014,
Crossthwaite et al., 2017; Troczka et al., 2021).0One of
such mechanisms underlying resistance has been
previously suggested to be the increased cytochrome
P450 monoxygenase (P450s) enzyme activity
(Philippou et al., 2009).More specifically, Puinean et
al. (2010) reported that overexpression of a P450 gene,
CYP6CY3, is associated with neonicotinoid resistance.
In addition, the R81T mutation in B1 subunit of the
nicotinic acetylcholine receptor, the target site of
neonicotinoids, has been linked to resistance
development (Bass et al., 2011) and is further
supported by molecular modeling (Wang et al., 2016).
Recently, another mutation in the same subunit,V101l,
has been uncovered in an imidacloprid-resistant M.
persicae population (Xu et al., 2022).

So far, the knowledge on resistance mechanisms to
neoniconitoids mainly comes from the studies on
imidacloprid. However, together with the limitation of
imidacloprid usage, more attention needs to be given to
the resistance mechanisms to other neonicotinoids,
such as acetamiprid. In this study, the biochemical and

molecular mechanisms of acetamiprid resistance were
investigated using a laboratory population of M.
persicae. In addition, cross-resistance between
acetamiprid and other insecticides were examined to
contribute better use of insecticides in rotation.

2.Materialmethod

2.1.0rigin and production of Myzus persicae

The population used in acetamiprid selection was
collected from pepper plants in Adana/Turkey in 2004.
Since then, the population has been reared on radish
plants  (Raphanus sativus L.)  (Brassicales:
Brassicaceae) without any pesticide exposure in
climate cabinets with 26+1°C temperature, 60-65%
humidity, and 16:8 photoperiod conditions.This study
was conducted in the Isparta University of Applied
Sciences, Department of Plant Protection in 2018 and
2020.

2.2.Bioassays, selection and cross-resistance

In toxicity assays, the method recommended by
IRAC (No. 19) was followed using a commercial
formulation of acetamiprid (GOLDPLAN 20 SP).
Before choosing the appropriate concentrations,
preliminary tests were performed to determine the
various mortality rates between 10-90%. Bioassays
were performed using at least 5 gradually (25 mg/100
ml water, 12,5 mg/100 ml water, 6,25 mg/100 ml
water, 3,125 mg/100 ml water and 1,5625 mg/100 ml
water) diluted concentration and a control group that
was sprayed only with distilled water. Three
replications including 15 adult aphids for each replicate
were used at each insecticide concentration.

After clean radish leaves were dipped into
insecticide solution for 10 seconds and placed on petri
dishes with agar, aphids were gently transferred onto
the leaves. The petri dishes were then placed in the
climate cabinets. Mortality was assessed after 72h and
aphids that could not move when touched were
considered dead. Acetamiprid-related mortality, slope
values, and Lethal Concentration (LC50,60) values
were determined bythe POLO computer package
program (Software, 2002).

LCeo values determined via bioassays were used in
each selection step. Thirty adult aphids with 15
replicates were used in assays. Bioassays were
performed as mentioned above, and survived aphids
were transferred to radish plants. Resistance ratios
(RR) were determined by dividing the LC values.

Next, we determined the susceptibility of the M.
persicae population before and after acetamiprid
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selection against four insecticides registered for aphid
control to investigate potential cross-resistance. The
tested insecticides were tau-fluvanite (Mavrik® 2F),
beta-cyfluthrin ~ (Hawk® 25 EC), imidacloprid
(Confidor® SC 350) and sulfoxaflor (Breaker™ 240
SC).

2.3.Synergism studies

In order to investigate the role of P450 in
acetamiprid resistance, piperonyl butoxide (PBO)
inhibiting P450 activity was used. PBO (1000 mg L1)
was prepared and applied as previously described by
Carletto et al.,, (2010).Two hours after synergist
treatment, acetamiprid solutions were applied. The rest
of the experiment was the same as described in the
bioassay section. Synergist ratios (SR) were
determined by dividing the LC values.

2.4.Specific activity of P450 monooxygenases

To determine P450 enzyme activity in selected and
initial aphid populations, the method suggested by Li et
al., (2016) was used. Briefly, a pool of 60 adult aphids
were homogenized in 2 mL of PBS buffer (0.1 mol L,
pH 7.8). Nitroanisole (0.05 mol L-1) dissolved in
acetone was used as a substrate. Supernatant and
NADPH were added to microplate cells and incubated
at 37 °C for 30 minutes. Then, 1 mol of L?*
hydrochloric acid was added to the microplate cells.
Kinetic readings were made at 400 nm using
SpectraMax® M2 (Molecular devices, USA) after the
addition of chloroform and 0.5 mol L NaOH to the
reaction cells.

Kinetic measurement of P450 enzymes in
microplate cells was performed with four replications.
Bovine Serum Albumin (B.S.A) was used as the
Bradford (1976) standard in the total protein method
(Doumas, 1975).Duncan multiple comparison test was
performed by applying the one-way analysis of
variance technique (One-Way ANOVA) to compare
MFO enzyme activities between populations.

2.5.Target-site amplification and relative
expression of CYP6CY3

Following the manufacturer's instructions, total
RNA was extracted from two pools of ten adults for
each population using the GeneMATRIX Universal
RNA/miRNA Purification Kit (EURX, Poland). Gel
electrophoresis and spectrophotometry were used to
evaluate the quality and quantity of extracted RNA
(Thermo Scientific, NanoDrop™ 2000). The iScript
cDNA Synthesis Kit (Biorad, USA) was used to make
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2000) of cDNA for the PCR and gPCR steps.

The primers used for nAChR1 amplification and
sequencing, and also the PCR conditions, were as
described by Puinean et al., (2010). Based on visual
inspection of sequencing chromatographs, target-site
sequences of susceptible and selected F5 populations
were compared using BioEdit 7.0.5 software (Hall
1999) (inak et al., 2019).

The primer pair suggested by Puinean et al., (2010)
was used to determine the expression level of
CYP6CY3. As previously suggested, the reference
genes actin, voltage-gated sodium channel, and
acetylcholinesterase were used (Bass et al., 2011).

The gPCR was performed in a total volume of 20
ul, including 10 pl of SsoAdvanced Universal SYBR
Green Supermix (Bio-Rad, USA), 1 ul of forward and
reverse primers (10uM stock), 1 pl of cDNA (100
ng/ul), and 7 pl of nuclease-free water using a BioRad
CFX96 TouchTM. The gPCR conditions were as
follows: 98 degrees Celsius for 30 seconds, followed
by 39 cycles of 95 degrees Celsius for 10 seconds and
57 degrees Celsius for 30 seconds. To confirm the lack
of non-specific bindings, the melting curve was
examined at temperatures ranging from 60°C to 95°C.
The AACt method was used to compute relative
expression levels (Livak and Schmittgen, 2001). An
unpaired t-test was used to calculate P-values (CFX
MaestroTM Software, Bio-Rad). For each analysis,
three biological replicates were used.

3.Results and Discussion

3.1.Selection of laboratory Myzus
population with acetamiprid

LCso,60 Values and resistance ratio of M. persicae
populations obtained after acetamiprid selection are
given in Table 1. According to the LCsg value of the
initial population, the resistance ratios obtained after
consecutive selections were 11-, 13-, 18.5- and, 47-
fold, respectively.In the last selection, the population
was achieved 57.5-fold acetamiprid resistance (here
after called F5).

Resistance development to insecticides is a growing
global issue for agricultural pests (Sparks et al., 2021).
In addition, increasing legal pressure on insecticides
resulting in restrictions or bans on several widely-used
insecticides together with increasing costs for
developing novel active compounds limit the design of
insecticide rotation programs (Sparks, 2013; Sparks &
Lorsbach, 2017). Therefore, the mechanisms
underlying the resistance should be elucidated in detail
in order to manage or delay the insecticide resistance

persicae
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development. In the present study, we artificially
selected a M. persicae population with acetamiprid to

investigate the biochemical and molecular mechanisms
of resistance.

Table 1. LCsq60 values and resistance ratios of each generations of Myzus persicae selected with acetamiprid
Cizelge 1. Asetamiprid ile selekte edilen Myzus persicae popiilasyonlarinda LCso e degerleri ve direng oranlar

Populations n" Slope+SE LCso (mga.iL™) LCeo(mga.iL™) e df RR®
(0.95% CI?) (0.95% CI)

Initial population 270  1.268+0.161 8.0 (4.0-12.0) 12.0 (8.0-16.0) 13.8 13 -

Selection -1 270 0.799+0.160 88.0 (56.0-136.0) 102.0 (68.0-164.0) 115 13 11.0
Selection -2 270 1.318+0.241 104.0 (60.0-148.0) 160.0 (108.0-236.0) 8.5 13 13.0
Selection -3 270 1.380+0.238 148.0 (92.0-208.0) 228.0 (156.0-324.0) 12.6 13 185
Selection -4 270 1.735+0.262 376.0 (252.0508.0) 528.0 (380.0-704.0) 68 13 470
Selection -5 (F5) 270 1.594+0.267 460.0 (280.0-648.0) 664.0 (448.0-916.0) 117 13 575

n*: the number of individuals used in the experiment
2:Cl = Confidence limit
b: RR = Resistance ratio

Five consecutive selections with acetamiprid
resulted in 57.5-fold resistance. Compared to selection
studies in other aphid species, Aphis gossypii Glover
(Hemiptera: Aphididae), (Ullah et al., 2020), the LCso
value of our initial population was high, indicating the
presence of resistance alleles conferring low-level
acetamiprid resistance. The fact that the LCsg value of a
population grown in a pesticide-free environment for
many years exceeds the registered field rate of
acetamiprid (50 mg a.i. L) with a single selection
emphasizes the need to be careful in the rotation of
acetamiprid in field conditions.

3.2.Cross-resistance between acetamiprid and
other insecticides
The susceptibility of acetamiprid-selected F5

population against imidacloprid, sulfoxaflor, beta-
cyfluthrin, and tau-fluvanite is given in Table 2. Cross-
resistance results of the F5 population against
imidacloprid, sulfoxaflor, beta-cyfluthrin, and tau-
fluvanite were determined as 2.62, 4.76, 1.54 and 3.13
fold, respectively.

Next, we evaluated whether acetamiprid selection
would cause decreasing susceptibility to other
insecticides registered for M. persicae even if they had
not been exposed to them. The lack of cross-resistance
assumption is of vital importance since it contributes to
forming the basis of insecticide resistance management
programs in field conditions. All tested insecticides
(imidacloprid, sulfoxaflor, beta-cyfluthrin, and tau-
fluvanite) showed more than 1.5-fold resistance ratio
after acetamiprid selection.

Table 2. LCspvalues and cross-resistance ratios determined against other insecticides in the F5 population
Cizelge 2. F5 popiilasyonunda diger insektisitlerekarsi belirlenen LCso degerleri ve ¢oklu direng oranlar

Insecticide Population n* Slope+SE LCso (mg a.i L—1)(95% CI?) e df RRP
Imidacloprid F5 270 1.7294+0.260 47.638 (33.557-63.492) 5.8 13 2.62
Initial 270 1.5004+0.248 18.129 (11.227-25.284) 6.5 13 -
Sulfoxafior F5 270 1.380+0.229 21.354 (14.855-29.364) 12.5 13 476
Initial 270 1.754+0.259 4.484 (3.260-5.914) 11.7 13 -
Beta-cyflutrin F5_ _ 270 1.977+0.281 93.792 (67.868-122.048) 185 13 1.54
Initial 270 2.196+0.295 60.566 (45.755-76.458) 18.7 13 -
Tau-fluvanite F5 270 2.103+0.417 84.084 (55.035-112.964) 124 13 3.13
Initial 270 1.632+0.260 26.831 (17.535-36.549) 12.9 13 -

n*: the number of individuals used in the experiment
&Cl = Confidence limit
b: RR = Resistance ratio

Cross-resistance among neonicotinoids has been
known due to CYP6CY3 and target site mutations
(Bass et al., 2011; Bass et al., 2013; Koo et al.,
2014).However, in the present study, the cross-
resistance arises via mechanisms other than those
mentioned. Therefore, possible mechanisms underlying
the neonicotinoid cross-resistance should be elucidated.
Similarly, acetamiprid selection resulted in increased
imidacloprid resistance in whiteflies (Basit et al.,

2011). On the other hand, the debate about cross-
resistance between neonicotinoids and sulfoxaflor
seems to be more complicated since there are some
contradictory results (Cutler et al., 2013; Watson et al.,
2021).Although sulfoxaflor has a similar target site
with neonicotinoids, its mode of action and chemical
structure is different, and it belongs to the group of
sulfoxamines (Sparks et al., 2013). However, Cutler et
al., (2013) reported that the mechanism of action of
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sulfoxaflor is same to that of neonicotinoids, and
therefore there is a possibility of cross-resistance. In
the present study, acetamiprid selection led to
approximately 5-fold sulfoxaflor resistance. Although
they are both pyrethroid, beta-cyfluthrin and tau-
fluvanite showed different cross-resistance outcomes,
which have 1.54 and 3.13-fold resistance, respectively,
indicating the putative role of non-selective enzymes in
cross-resistance. Overall, beta-cyfluthrin should be
considered for insecticide rotation programs for the

control of acetamiprid-resistant M.persicae
populations. Notably, the resistance mechanisms
conferring  cross-resistance  between insecticides

belonging to different modes of action groups (such as
neonicotinoids and pyrethroids) are often caused by
unselective detoxification enzymes, which should be
further investigated.

3.3.Synergistic effect of PBO on acetamiprid
toxicity

The synergistic effect of P450 inhibiting PBO in
acetamiprid toxicity was determined in the initial and
selected M. persicae populations (Table 3). The results
showed that fold the synergism ratios were less than
1.1.

Table 3. LCsp values of acetamiprid with and without PBO treatment for Myzus persicae populations
Cizelge 3. Myzus persicae popiilasyonlarinda PBO+asetamiprid LCso degerleri

Population Insecticide n* Slope+SE LCso (mg a.i L™)(0.95% CI?) e df SR

F5 population Acetamiprid 270 1.594+0.267 664.0 (448.0-916.0) 11.7 13 -
Acetamiprid+ PBO 270 1.516+0.262 609.1 (402.8-875.9) 98 13 1.09

Initial population  Acetamiprid 270  1.268+0.161 8.0 (4.0-12.0) 13.8 13 -
Acetamiprid+ PBO 270 1.7424+0.267 8.1 (4.1-12.6) 15.8 13 1.00

n*: the number of individuals used in the experiment
:CL = Confidence limit
b: SR = Synergism ratio

3.4.Specific activity of P450 monoxygenases

The P450 enzyme activities for the initial and
selected F5 populations of M. persicae were found to
be 0.2387 and 0.2357 mOD/min/mg protein,
respectively (Table 4). Statistical analysis did not show
any significant differences.

Table 4. Specific activity of P450 enzymes in selected
and pre-selected Myzus persicae populations

Cizelge 4. Myzus persicae popiilasyonlarinda P450
enzim seviyeleri

Populations N*  mOD/min/mg protein(+SE)
F5 4 0,2357(+0.002) a
Initial 4 0,2387 (+0.004) a

*: Number of repetitions

3.5.Screening of target-site mutations

The sequences of the beta subunit of the nicotinic
acetylcholine receptor of both the initial susceptible
and acetamiprid-selected populations were compared
to investigate the presence of target-site mutations. In
addition, these sequences were also compared with
reference sequences in GenBank (AJ251838.1,
XM_022309582.1). However, no target-site mutation
was detected in the populations.

3.6.Relative expression of CYP6CY3 gene

The relative expression of a resistance-associated
P450, CYP6CY3, was investigated. Although
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population F5 had a higher expression level, this
difference was not statistically significant (Figure 1).

Relative cxpression of CYPGCY3

1,8 ]
1,6
1,4

0,0 _—

s F5
Figure 1. Relative expression of CYP6CY3 in the
initial (S) and selection populations (F5) in Myzus
persicae
Sekil 1. Myzus persicae'nin baglangic (S) ve seleksiyon
(F5) popiilasyonlarinda CYP6CY3 ifadesi

P450-mediatedacetamiprid resistance has been
documented in different aphid species (Ullah et al.,
2020; Sial et al., 2022).In the present study, synergism
and biochemical assays were performed to determine
the role of P450s in decreased susceptibility to
acetamiprid. PBO did not synergize the acetamiprid
toxicity in both initial and selected F5 population.
Thus, the specific activity of P450s in both populations
was similar (p>0.05), indicating the absence of
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elevated P450 activity in acetamiprid resistance. More
specifically, theCYP6CY3 gene, a well-known, globally
distributed gene responsible for neonicotinoid
resistance (Puinean et al., 2010; Singh et al., 2021; Sial
et al., 2022), was measured at mRNA level in the
initial and acetamiprid-selected F5 population.
Although the F5 population had a higher CYP6CY3
expression compared to control, this difference was
statistically insignificant (p<0.05). These results
indicate that the acetamiprid resistance is likely to be
associated with the mechanisms other than increased
P450 activity.

In addition to elevated P450 activity, a point
mutation (R81T) in the loop D region of the S1 subunit
of the nicotinic acetylcholine receptor has been
associated with neonicotinoid resistance (Bass et al.,
2011) and common in worldwide populations of M.
persicae (Singh et al., 2021). Recently, another amino
acid substitution, V101l, in the same subunit of an
acetamiprid-resistant M. persicae population has been
reported (Xu et al., 2022). In our study, the initial
population did not harb our any mutations in g1
subunit of the nicotinic acetylcholine receptor;
therefore, no mutation was expected in the selected F5
population. However, since only limited number of
individuals were used in mutation screening, the
presence of mutation might be missed. Thus, we still
screened for the presence of target site mutations in the
F5 population. However, no mutation was detected in
the selected F5 population. Examination of more
populations with different genetic backgrounds would
be helpful to make a conclusive statement.

4. Conclusion

This study showed that mechanisms other than the
well-known neonicotinoid resistance mechanisms
might lead to high acetamiprid resistance.It should be
noted that investigations on resistance mechanisms
using laboratory selections do not always reflect the
resistance in field conditions. Therefore, studies other
than artificial selection in laboratory conditions are
necessary. Nonetheless, mechanisms underlying the
cross-resistance should be examined to implement
robust resistance management programs.
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