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Abstract

BACKGROUND: Myzus persicae (Sulzer), is a major global pest whose control is challenged by widespread insecticide resistance.
This study assessed the resistance status ofM. persicae populations collected in Greece (2021–2025), using diagnostic bioassays
with insecticides (acetamiprid, flupyradifurone,flonicamid, sulfoxaflor and FliPPER) and a newly developed, highly sensitive drop-
let digital polymerase chain reaction (ddPCR) panel targeting seven key resistance mutations (vgsc: super-kdr M918T/L and kdr
L1014F – pyrethroid resistance; acetyl-CoA carboxylase: A2666V – keto-enol resistance; AChE:MACE S431F – dimethyl carbamates
resistance; nAChR: R81T and T74I linked to CYP6CY3 overexpression – resistance to nAChR competitive modulators).

RESULTS: Bioassays revealed frequent cross-resistance cases. Notably, we report the first case of resistance to flonicamid. FliP-
PER (fatty acids potassium salts) showed the highest resistance frequency (50.0%) and sulfoxaflor the lowest (1.7%). The ddPCR
analysis (on 634 aphids) confirmed the presence of six resistance mutations. The mutation T74I was almost fixed across all
populations (mean resistant allele frequency of 99.9%). Other key mutations (MACE, kdr/super-kdr and R81T) were present at
moderate-to-high frequencies, with the M918L super-kdr variant showing a notable increase.

CONCLUSIONS: Myzus persicae in Greece exhibits a high level of genetic variability, leading to severe and dynamic resistance
problems. The widespread metabolic resistance (CYP6CY3 overexpression) which has been found to compromise neonicotinoids
and fluryradifurone and the emergence of flonicamid resistance complicate the implementation of integrated pest management.
The ddPCR panel provides a valid, evidence-based tool for large-scale monitoring of resistance and decision-making, essential for
managing this difficult to control pest. However, bioassays are also useful when molecular markers are not available.
© 2026 Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
Myzus persicae (Sulzer) (Hemipetra: Aphididae) known as the
green peach-potato aphid (M. persicae s.str.) or the tobacco aphid
(M. persicae nicotianae Blackman) is one of the most important
agricultural insect-pest worldwide. The aphid is an exceptional
species, that bears special traits being: (i) extremely polyphagous
with a host range of over 400 plant species from 40 plant families,1

(ii) highly efficient plant-virus vector, (iii) highly invasive as it has
been recorded on all continents where crops are grown with
widespread general-purpose genotypes,2,3 (iv) expressing a com-
plex life cycle combining sexual and asexual reproduction,4 and
cases of host-mediated speciation,5,6 and last (v) showing great
potential to counteract chemical pest control practices.7,8

These traits enable M. persicae to adapt and survive even in
cases of harsh conditions such as today's agricultural agroecosys-
tems. The control of the aphid worldwide and in Greece is mostly
based on chemical control with insecticides of various chemical
classes. The reliance on insecticides for many decades has
resulted in the development of resistance. A total of 522 cases
of insecticide resistance have been reported for M. persicae on
the Arthropod Pesticide Resistance Database, involving 87 insecti-
cide active ingredients (www.pesticidresistance.org). To date, at
least nine independent mechanisms of resistance to insecticides
have been described in the aphid, related to metabolic resistance,
insensitive target sites and reduced penetration of insecticides
through the cuticle.8

Functionally validated target side mutations in M. persicae have
been described in the gene encoding the voltage-gated sodium
channel (vgsc: super-kdr M918T/L, kdr L1014F) associated with
pyrethroid resistance,9–12 the acetyl-CoA carboxylase (acc:
A2666V) associated with keto-enol resistance,13 the nicotinic ace-
tylcholine receptor (nAChR: R81T) associated with resistance to
neonicotinoids and other nAChR competitive modulators,8,14–16

the acetylcholinesterase (AChE: MACE S431F) conferring resis-
tance to dimethyl carbamates,17 and mutations in detoxification
enzymes (T74I in CYP6CY3) leading to gene amplification.13,18

In Greece, the aphid is a difficult to control pest, and cases of
high resistance to various insecticides have been reported, along
with moderate to high frequencies of resistance mechanisms. The
insecticide resistance mechanisms that have been found in Greek
populations of the aphid so far, are metabolic (overproduction of
E4 and FE4 carboxylesterases, CYP6CY3 overexpression) and tar-
get site insensitivity (MACE, kdr/super-kdr and R81T muta-
tions).13,19,20 These data advocate that the design and
application of integrated pest management (IPM) programmes
is a real challenge. It should be also taken into account that in
peach-growing regions, the aphid migrates from peach to herba-
ceous crops, such as tobacco and potato, in late spring and
returns to peach in autumn. The control measures applied against
the aphid populations on peach affect population growth and
management in herbaceous crops and vice versa. Thus, area wide
management strategies are necessary to effectively address
this pest.
A key component of an IPM programme is among others the

evidence-based selection of appropriate insecticides and real
time provision of information. Toward this direction, the early
detection of incipient resistance is of primary importance, but a
large amount of aphid samples should be examined frequently
for accurate information. The available tools for screening the
aphid populations for resistance are diagnostic bioassays and
molecular diagnostics. Molecular tools used to assess pesticide

resistance in agricultural pest populations predominantly target
genetic alterations, with an emphasis on mutations occurring at
the pesticide's site of action. In most taxa, these genetic changes
are characterized through established nucleic acid-based meth-
odologies, such as Sanger sequencing, allele-discriminating poly-
merase chain reaction (PCR) assays, PCR-restriction fragment
analysis, and quantitative PCR.21,22

Droplet digital PCR (ddPCR) assays – a next-generation, highly
sensitive refinement of conventional PCR – that enable robust
identification and monitoring of newly arising insecticide resis-
tance mutations present at very low allele frequencies have been
recently developed. The methodology has already been applied
in malaria vector populations,23 the silverleaf whitefly Bemisia
tabaci (Gennadius),24 the two-spotted spider mite Tetranychus
urticae Koch,25 as well as the western flower thrips Frankliniella
occidentalis Pergande.26

In the present study, we developed seven ddPCR assays which
detect insecticide resistance mutations in M. periscae. The assays
were applied on populations that were collected mostly from
peach orchards in Greece, during the years 2021–2025. Further-
more, we performed diagnostic bioassays on a number of
M. persicae clones with insecticides belonging to various chemical
classes currently in use in Greece.

2 MATERIALS AND METHODS
2.1 Aphid populations
Myzus persicae samples were collected from peach orchards (1–
3 ha) from various regions in mainland Greece during the Spring
of the years 2021–2025. One aphid sample was collected every
two to three trees along the row in each orchard. Furthermore, pep-
per and eggplant crops were surveyed in 2024 and 2025 in glass-
houses in Crete. One aphid sample was collected from infested
plants every two to three rows and every 5 m along the row (Fig. 1).
The aphid samples from peach orchards were collected from

both tobacco-growing and non-tobacco growing regions. On
the basis of previous studies, a reasonable working assumption
is that we have sampled both subspecies of the aphid, that is,
M. persicae s.str. and M. persicae nicotianae.6,27

A point of concern in aphid population studies is that the same
genotype proliferates parthenogenetically in the field during the
growing season. This may lead to the repeated sampling of a
few dominant parthenogenetic genotypes. Inadequate sampling
design or lack of information on the distinct aphid genotypes
sampled bias the results. For this reason, we focused on aphid
samples from peach, where aphid clones from different trees orig-
inate from different sexually produced eggs, and thus they repre-
sent different genotypes.
In the laboratory, approximately 20 adult apterous parthenoge-

netic females, from each of the 634 samples collected, were
stored in absolute ethanol at −20 °C before molecular analyses.
Furthermore, more than 100M. persicae clones were established

from the collected samples during 2023–2025, starting the colony
from one adult apterous female per sample. The clones were
reared on cabbage, Brassica oleracea L. (Brassicaceae) leaves in
Blackman boxes28 at 25 °C and 14 h:10 h light/dark photoperiod.

2.2 Diagnostic bioassays
Briefly, 50–68 clones from peach were examined in bioassays with
recommended doses with the insecticides acetamiprid (Profil
20 SG; K&N Efthymiadis S.A., Thessaloniki, Greece), flupyradifur-
one (Sivanto Prime® SL; Bayer Hellas A.G., Marousi, Greece),
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flonicamid (TEPPEKI 50 WG; K&N Efthymiadis S.A.), sulfoxaflor
(Closer 120SC; Elanco Hellas S.A., Chalandri, Greece) and the
‘green’ product FLiPPER (Bayer Hellas A.G., Marousi, Greece, a nat-
ural extract of olive oil that contains fatty acids and potassium
salts). We used doses within the range of the recommended doses
for M. persicae on peach (acetamiprid, flonicamid, sulfoxaflor),
solanaceous (flupyradifurone) or various herbaceous crops
(FliPPER) according to the label of the products. The doses were:
acetamiprid 33.3 and 50 mgL−1, flonicamid 40 and 70 mgL−1, sul-
foxaflor 24 and 36 mgL−1, flupyradifurone 100 and 200 mgL−1,
and FliPPER 9596 mgL−1 (see Supporting Information, Table S1).
The doses used included the highest recommended dose for
the respective insecticide and crop, except for sulfoxaflor. The
label of Closer suggests a higher dose (48 mg L−1) for aphids on
peach, outside the typical recommended range, in case of heavy
infestations. We applied this dose only for clones which were
characterized as resistant (see Results section). Three susceptible
clones (4106A, 1X and NS) were also examined with the afore-
mentioned doses for comparison.
The bioassays were performed with young adult apterous par-

thenogenetic females and the leaf-dip method using young
leaves of cabbage. For details about the method, see Voudouris
et al.29 At least 20 aphids of each clone were examined with the
recommended doses, and always a control with only water was
included. The aphids were maintained at 25 °C and 14 h:10 h
light/dark photoperiod. Mortality was scored 7 and 3 days post-
treatment for flonicamid and the other insecticides, respectively.
Zero mortality was observed in the control treatments.

2.3 Droplet digital PCR diagnostics
We developed ddPCR diagnostics for seven key resistance muta-
tions, that is, vgsc: super-kdr M918T/L and kdr L1014F – pyrethroid

resistance; acetyl-CoA carboxylase: A2666V – keto-enol resistance;
AChE: MACE S431F – dimethyl carbamates resistance; nAChR:
R81T and T74I linked to CYP6CY3 overexpression – resistance to
nAChR competitive modulators. With respect to the M918L muta-
tion, themutant probe was designed using a degenerate sequence
to accommodate two known variants (CTG and TTG). However, this
approach does not allow discrimination between the variants.
Genomic DNA was extracted from pools of adult apterous par-

thenogenetic females using DNAzol reagent (Molecular Research
Center, Inc., Cincinnati, OH, USA) according to the manufacturer's
protocol. Each pool (25 total) consisted of aphids from samples
(field-derived or clonal) collected from nearby locations and from
the same host plant species. The concentrations of extracted
genomic DNAs (gDNAs) were determined with the Qubit™ dsDNA
BR Assay (Invitrogen, Carlsbad, CA, USA) on a Qubit fluorometer
2.0 (Invitrogen). The gDNA samples were stored at −20 °C until
analysis.
The QX200 Droplet Digital PCR System (Bio-Rad, Hercules, CA,

USA) was used for ddPCR reactions. Each 20 μL reaction contained
1× ddPCR Supermix for Probes (no dUTP) (Bio-Rad), 5 U of EcoRI-
HF® restriction enzyme (New England Biolabs, Ipswich, MA, USA),
5 ng of double-stranded DNA (dsDNA), and primers and probes
specific to each assay (Table S2) in a total volume of 20 μL with
droplets prepared and cycled, after optimization, as previously
described.25 The thermal cycling protocol comprised: 95 °C for
10 min, and 50 cycles of 94 °C for 30 s, 52–58 °C for 1 min and
98 °C for 10 min (Table S3). Synthetic dsDNA fragments (gBlocks™
gene fragments) with known copy numbers of either wild-type or
mutant alleles were synthesized and employed as reference con-
trols to optimize ddPCR assays in terms of specificity, sensitivity,
fluorescence intensity, and droplet cluster separation (distinct dis-
crimination between positive and negative droplets). Each ddPCR
run routinely included a non-template control, as well as wild-
type, mutant, and heterozygous gBlocks™ dsDNA controls to
ensure reliable genotype calling. Endpoint fluorescence measure-
ment, raw data processed and calculation of percentage resistant
allelic frequency (%RAF) for each pool of aphids was done as pre-
viously described.25 As a final step, the frequencies were normal-
ized according to the estimated integer number of alleles in the
aphid pools. The total frequency of a resistant allele in the group
of aphid pools for each year, was calculated using the sum of
the estimated number of resistant alleles from each pool divided
by the sum of the total number of alleles from each pool.

2.4 Statistical analysis
Comparison among percentages was performed with the χ2 test
as implemented in R version 4.3.3,30 when χ2 returned a signifi-
cant value, pairwise comparisons were performed using the Bon-
ferroni correction (R version 4.3.3, package ‘rcompanion’).31

Graphs were constructed using the softwares LibreOffice 25.8.4
and JASP 0.95.4 (JASP Team, 2026).

3 RESULTS
Themortality of the clones in all the doses tested are shown in the
Table S1. The susceptible clones, in all but one recommended
dose with the four chemical insecticides, showed 100% mortality.
In one dose, the mortality was 95%. The mortality of the suscepti-
ble clones in bioassays with FliPPER was 85–100%. Variation in
mortality among field collected clones was observed in all insecti-
cides. We considered resistant clones, those with mortality < 85%
similarly to the approach by Cox et al.32 and Voudouris et al.33 In

Figure 1. Sampling sites in Greece. Samples from Tympaki and Ierapetra
were from glasshouse vegetable crops (Tympaki: pepper, Ierapetra: pep-
per and eggplant), whereas from the other localities the samples were
from peach.
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Fig. 2, we show the frequency (%) of the resistant clones in the
highest of the dose used for each insecticide. The frequencies dif-
fered significantly among insecticides (χ2 = 44.9, df = 4,
P < 0.001), with the lowest value (1.7%, only the clone MP45
was characterized resistant, see Table S1) recorded in sulfoxaflor
and the highest in FliPPER (50.0%). The resistance category of
the clone MP45 in sulfoxaflor did not change even when a higher

dose of 48 mgL−1 was applied (mortality 60%). The frequencies in
the other insecticides (acetramiprid, flupyradifurone and flonica-
mid) ranged from 17.6% to 19.1%. In the latter three insecticides,
variation among years was observed in the frequency of resistant
clones, almost all of them (91.7–92.3%) were found in 2023
(Table S1 and Fig. 3). Resistant clones to FliPPER were found in
2023 and 2024 (51.6% and 48.4% of the total resistant clones,

Figure 2. Frequency (%) of resistant clones of Myzus persicae in bioassays with recommended doses of five insecticides.

Figure 3. Percentage (%) distribution of Myzus persicae resistant clones by year, in bioassays with recommended doses of five insecticides.
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respectively), but not in 2025. Remarkably, 11 clones showed
cross-resistance to acetamiprid, flupyradifurone, flonicamid and
FliPPER, one clone to acetamiprid, flupyradifurone and FliPPER,
and another one to acetamiprid, flupyradifurone, flonicamid and
sulfoxaflor (Table S1).
The application of ddPCR diagnostics found six (R81T, Τ74I,

S431F, L1014F and M918T/L) of the seven resistance mutations
examined in M. persicae in Greece. The only mutation that was
not detected was A2666V. Furthermore, 20 out of 25 populations
(80%) possessed all the six mutations, four populations possessed
five mutations and one population possessed four mutations
(Table 1).
There was a variation among localities for the resistant allele fre-

quency (RAF) of five resistance mutations (R81T, S431F, L1014F
and M918T/L), with values ranging from low to high. Looking sep-
arately at the total frequencies per year and themean for all years,
a few interesting patterns emerged (Table 1). The mutation Τ74I
responsible for CYP6CY3 overexpression (provides modest

resistance against neonicotinoids), was fixed in 24 out of the
25 M. persicae populations examined, with a range of the total
RAF for each year of 99.7–100% and a mean over all years of
99.9%. The total RAF for each year of R81T, the main resistance
mechanism for neonicotinoids, found mostly at a moderate level,
with a mean of 22.3% and a range of 13.9–33.5%. Within year var-
iation was also observed, with a notable example in the popula-
tion from Velventos (2024) where the mutation was fixed. For
the mutations L1014F (kdr) and M918T (super-kdr), affecting pyre-
throids, the total RAF for each year was found at moderate to high
values with amean of 46.7% and 42.3% and a range of 36.5–62.3%
and 27.4–56.5%, respectively. Two populations, Skydra and Tyrna-
vos, showed very high RAF for both mutations in 2022 (86.0–
97.6%). The total RAF for each year of the super-kdr variant
M918L was low to moderate, with a mean of 26.8% and a range
of 7.1–44.6%. However, there were some exceptions such as the
population from Tyrnavos, which showed very high RAF in 2024
(78.6%). The two super-kdr variants and the kdr mutations were

Table 1. Resistant allele frequencies (%) measured by droplet digital polymerase chain reaction (ddPCR) in pools of field populations ofMyzus per-
sicae from Greece

Locality† Year N R81T Τ71I A2666V S431F L1014F M918T M918L

Tyrnavos 2021 20 2.50 100 0.0 22.5 47.5 47.5 2.5
Meliki 2021 34 29.4 100 0.0 10.3 67.6 51.5 0.0
Edessa 2021 53 13.2 100 0.0 18.9 55.7 46.2 14.2
Lehonia 2021 17 2.9 100 0.0 32.4 79.4 35.3 0.0
Naousa 2021 38 11.8 98.7 0.0 15.8 65.8 17.6 9.2
Total 2021 162 13.9 99.7 0.0 18.2 62.3 39.6 7.1

Lehonia 2022 55 30.0 100 0.0 18.2 33.6 43.6 39.1
Skydra 2022 25 42.0 100 0.0 44.0 86.0 92.0 8.0
Meliki 2022 17 20.6 100 0.0 11.8 29.4 41.2 38.2
Tyrnavos 2022 21 45.2 100 0.0 47.6 95.2 97.6 2.4
Alexandria 2022 21 31.0 100 0.0 0.0 16.7 19.0 40.5
Total 2022 139 33.5 100 0.0 23.7 49.3 56.5 28.1

Meliki 2023 16 25.0 100 0.0 28.1 34.4 12.5 18.8
Tyrnavos 2023 10 25.0 100 0.0 25.0 0.0 0.0 50.0
Skydra 2023 16 18.8 100 0.0 28.1 68.8 59.4 6.3
Total 2023 42 22.6 100 0.0 27.4 39.3 27.4 21.4

Tyrnavos 2024 31 1.6 100 0.0 1.6 12.9 12.9 79.0
Agia 2024 19 31.6 100 0.0 47.4 55.3 57.9 34.2
Meliki 2024 14 14.3 100 0.0 21.4 39.3 39.3 21.4
Skydra 2024 15 3.33 100 0.0 16.7 33.3 33.3 33.3
Velventos 2024 15 100 100 0.0 10.0 60.0 60.0 20.0
Tympaki‡ 2024 17 0.0 100 0.0 100 38.2 55.9 44.1
Total 2024 111 21.6 100 0.0 30.2 36.5 39.6 44.6

Tyrnavos 2025 75 16.7 100 0.0 28.7 51.3 60.7 26.0
Agia 2025 42 22.6 100 0.0 33.3 54.8 61.9 26.2
Skydra 2025 19 2.6 100 0.0 7.9 50.0 50.0 26.3
Meliki 2025 13 3.8 100 0.0 34.6 57.7 42.3 19.2
Ierapetra‡ 2025 31 33.9 100 0.0 37.1 27.4 16.1 48.4
Ierapetra§ 2025 9 50.0 100 0.0 44.4 0.0 0.0 100
Total 2025 180 20.1 100 0.0 30.2 46.0 48.4 32.8
Mean (all years) 22.3 99.9 0.0 25.9 46.7 42.3 26.8
Presence (%)¶ 96 100 0.0 96 92 92 92

Note: N = number of adult aphids per pool. For details of sampling sites, see Fig. 1.
† Samples were from peach unless marked.
‡ Samples were from pepper.
§ Samples were from eggplant.
¶ Percentage populations with the mutation.
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found all together in the 21 of the 25 populations examined, two
populations had the L1014F and the M918T mutations and
another two populations only the M918L mutation (fixed in one
of them). Regarding the S431F mutation (compromises dimethyl
carbamates), the total RAF for each year was moderate, with a
mean of 25.9% and a range of 18.2–30.2%. A notable exception
was the populations from Tympaki in 2024 where the mutation
was fixed.

4 DISCUSSION
The application of bioassays and ddPCR panel revealed frequent
and widespread cases of severe resistance in M. persicae popula-
tions in Greece. The resistance in acetamiprid and flupyradifurone
found in clones collected in 2023 is in accordance with our previ-
ous surveys.19,20 However, some new interesting findings have
also emerged. The ‘green’ insecticide FliPPER showed less efficacy
than the synthetic chemical products, that is, approximately
three-fold higher frequency of resistant clones than acetamiprid,
flupyradifurone and flonicamid, and 30-fold than sulfoxaflor (see
also differences in percentage mortality in Supporting Informa-
tion, Fig. S1). In addition, resistant clones to FliPPER were recorded
in 2 of the 3 years of the survey. These suggest that FliPPER should
be used with caution in insecticide rotation schemes as an alter-
native to chemical insecticides. We also found resistance in floni-
camid in clones collected in 2003, 50% of these clones showed
mortality 0–50% in the highest dose used. To our knowledge, this
is the first report for resistance to flonicamid forM. persicae. In our
previous study examined numerous M. persicae clones from
Greece, no signs of resistance to flonicamid were detected.19 Sim-
ilarly, Arthur et al.34 examined several populations from Australia
using leaf-dip bioassays with flonicamid and found no evidence
of resistance. Our results highlight the need for further research
on this topic to investigate the full potential of resistance, to iden-
tify reasons for its development and to elucidate the underlying
resistance mechanism(s). However, sulfoxaflor showed the least
resistance problems, with only one of the examined clones show-
ing lowmortality at the highest dose used. This is similar to the sit-
uation observed in other European countries.35 It is reassuring
that the Greek M. persicae populations have not yet developed
resistance to sulfoxaflor, despite the fact that it has been used in
Greece since 2017, and therefore it could be a useful tool in rota-
tion strategies. The variation among years observed particularly
for acetamiprid, flupyradifurone and flonicamid, cannot be ade-
quately explained by our data. This variation may reflect differ-
ences in control strategies among years and orchards or a larger
number of clones may need to be examined to reliably detect
resistance in 2024 and 2025. However, the latter reflects the limi-
tation of the bioassay method which requires larger amounts of
labor and time for large data sets to be created.
The new ddPCR diagnostics provide us the opportunity to exam-

ine simultaneously seven resistance mutations giving a total of
634 aphids during the 5-year survey, which translates to approxi-
mately 127 aphids per year. This is an improvement regarding the
loci and aphids examined, compared to our previous
studies,20,29,33which denotes the potential of the ddPCR diagnostics
formass screening for insecticide resistancemutations inM. persicae
populations. The ddPCR panel, complemented with diagnostic bio-
assays, showed that M. persicase in Greece has the genetic back-
ground to counteract insecticides belonging to various chemical
classes. Regarding the resistance mechanisms that compromise
the efficacy of nAChR competitive modulators, RAF of the R81T

mutation (first detected in Greece in 2015) was found at low to
moderate values, in the range of those reported in our previous
studies.20,29 However, higher frequencies of the resistant allele have
been reported in western European countries,12,36,37 which may
suggest restricted gene-flow between Greek and western
European populations (for further discussion on this topic see Vou-
douris et al.29,33). Our long-term studies show that the R81T muta-
tion has been established in M. persicae populations in Greece,
although with low to moderate frequencies, and thus it could not
be considered as the main resistance mechanism for neonicoti-
noids. Indeed, our data show that the Τ74I mutation, responsible
for CYP6CY3 overexpression, is fixed in almost all the populations
examined (RAF 99.3–100%) suggesting that metabolic resistance is
widespread in Greece and should be considered the primary resis-
tance mechanism for neonicotinoids and flupyradifurone. Previous
studies have also provided indications, although much fewer sam-
ples from Greece were analysed.13,33 Voudouris et al.33 examined
29 clones of M. persicae and more than a half of them showed 9–
36 copies of CYP6CY3. Singh et al.13 found the T74I mutation in all
the 24 clones examined (22 were homozygous). Almost all the
aphids examined in the present study are different genotypes,
descendants of sexually-produced overwintering eggs. In theory,
recombination during sexual reproduction could produce heterozy-
gotes in detectable frequencies. It might be possible, therefore, that
selection favoured the fixation of the Τ74I mutation due to compet-
itive advantages of this trait. CYP6CY3 metabolizes nicotine as well
as certain neonicotinoids,18,38 and flupyradifurone,16 and CYP6CY3
overexpression is considered a trait that helpsM. persicae nicotianae
to adapt and colonize tobacco.18,39 However, 79% of the aphids
examined here were fromnon-tobacco growing regions and a valid
working assumption is that they belong to M. persicae s.str. This
taxon does not colonize tobacco and the gene-flow between
M. persicae nicotianae andM. persicae s.str. is restricted (see Margar-
itopoulos et al.6 for isolation pre-zygoticmechanisms in the two taxa
in Greece). It is questionable whether selection pressure by nAChR
competitive modulators is responsible for the fixation observed, at
least in M. persicae s.str., and maybe CYP6CY3 overexpression pro-
vides additional advantages that remain to be found. It is worth
mentioning also, that the prevalence of metabolic resistance is also
a matter of concern, especially under intense chemical control sce-
narios, considering the broad substrate spectra of monooxy-
genases.40 Research should focus on whether CYP6CY3 is able to
metabolize other active ingredients, such as the very recent finding
showing that CYP6CY3 and CYP6CY4 confer resistance to flupyradi-
furone in M. persicae.16

Regarding MACE and kdr/supe-kdr, the RAF ranged from low to
high values depending on the locality and the year. However,
most of the values reported here are in the range of our previous
survey conducted > 10 years ago.33 A noticeable change, is the
M918L super-kdr variant, which was first detected at low fre-
quency in 2015 and 2016 (RAF 3.0% and 7.1%, respectively), while
the mean RAF over all the years in the present study was 26.8%
and in some populations the frequency was more than 40% and
up to 100%. It is interesting, however, that MACE and kdr/super-
kdr mutations have been detectable in significant frequencies
for more than 15 years (see also Margaritopoulos et al.41), even
though there was a change from dimethylo-carbamates and pyre-
throids to newer chemical classes of insecticides and despite that
mutant aphids suffer from fitness costs.42–44 Selection by the acci-
dental contact of aphids with the old chemical class of insecti-
cides that is used against other pests on peach or other crops
might be a contributing factor. Winter is a challenging period
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for parthenogenetically reproduced aphids to survive. The sexu-
ally produced overwintering egg might help resistant aphids to
survive and thrive. In addition, sexual reproduction could bring
together different resistance genes and thus MACE and/or kdr/
super-kdr being co-selected with other resistance mechanisms
(for detailed discussion on this topic see Voudouris et al.33). Unex-
pectedly, MACE was fixed in a population from pepper in Tym-
paki, Crete. Maybe this population consists of old asexual clones
(sexual reproduction is not probable in Crete, since peach has
been barely cultivated on this island), which have been selected
after intense pressure by dimethyl carbamates in this region years
before.
The R81T and T74I mutations were detected in all sampling

years. However, resistant clones to acetamiprid and flupyradifur-
one defined by bioassays were found almost exclusively in a sin-
gle year (2023). This discrepancy between the two data sets
could be explained by differences in sampling and methodology.
Different samples were analysed using the two approaches, and
substantially larger number of aphid females (n = 634) were
examined using ddPCR diagnostics, compared to bioassays
(68 clones, i.e., progeny of 68 females), which increased the likeli-
hood of detecting resistant genotypes. In this respect, the high
sensitivity and throughput represent a clear strength of ddPCR
diagnostics compared to bioassays. Although, the latter remains
the gold standard when resistance mechanisms have not yet
been fully elucidated. Furthermore, bioassays conducted at
recommended field doses do not assess the full potential of resis-
tance, as dose–response bioassays do, and at some extend differ-
ences in the phenotype between field collected and susceptible
clones are presumably masked.

5 CONCLUSION
The present study confirms thatM. persicase is a difficult to control
pest in Greece, with notable cases of multi- and cross-resistance.
The species, due to the high genetic variability,2,27 exhibits
extraordinary ability to adapt to harsh conditions related to
intense pressure by insecticides. The prevalence of metabolic
resistance (CYP6CY3) against neonicotinoids and flupyradifurone
as well as the first detection of resistance to flonicamid are a mat-
ter of concern and complicate further the design of effective inte-
grated pest management/integrated risk management (IPM/IRM)
strategies. The challenge becomes bigger with the reduction of
available insecticides, due to safety and environmental reasons.
In addition, between-year variation was observed even in the
same locality, which highlighted further the view that insecticide
resistance is a dynamic phenomenon both in space and time and
continuous monitoring is required. Therefore, evidence-based
plant protection and decision systems are the only way forward.
The panel of ddPCR developed in the present study (complemen-
ted when possible with diagnostic bioassays) supports such sys-
tems, providing quick and large-scale information regarding the
insecticide resistance status of the pest. Large-scale surveillance
is crucial in regions where peach orchards coexist with herba-
ceous crops (hosts of the aphid), because the aphid migrates
between them and control measures in one crop category affects
the other and vice versa.
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