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Abstract : The peach-potato aphid Myzus persicae (Sulzer) can resist a range of
insecticides by over-producing detoxifying esterase and having mutant-
insensitive forms of the target proteins, acetylcholinesterase (AChE), and the
sodium channel. Using a combination of bioassays, biochemical and DNA diag-
nostics, it is now possible to diagnose all three mechanisms in individual aphids,
and thereby establish their spatial distributions and temporal dynamics. A survey
of 58 samples of wide geographic origin showed that all 46 resistant clones had
ampliÐed esterase genes (E4 or FE4) conferring broad-spectrum resistance to
pyrethroids, organophosphates and carbamates. These occurred in combination
with insensitive AChE (11 clones), conferring resistance to pirimicarb and tri-
azamate, and/or mutant sodium channel genes (25 clones), conferring knock-
down (kdr) resistance to pyrethroids and DDT. AmpliÐed esterase genes were in
linkage disequilibrium with both insensitive AChE and the kdr mutation, reÑec-
ting tight physical linkage, heavy selection favouring aphids with multiple
mechanisms, and/or the prominence of parthenogenesis in many M. persicae
populations. An ability to monitor individual mechanisms with contrasting
cross-resistance proÐles has important implications for the development of resist-
ance management recommendations.
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1 INTRODUCTION

The peach-potato aphid, Myzus persicae (Sulzer)
(Hemiptera : Aphididae) causes direct feeding damage
on many crops, but more importantly is a major vector
of virus diseases. As a result, it has been subjected to
extensive insecticide treatment and populations
throughout the world have developed resistance to
organophosphate (OP), carbamate and pyrethroid
insecticides. Until recently only one resistance mecha-
nism had been identiÐed, the over-production of car-
boxylesterases that degrade and sequester insecticidal
esters.1 Both M. persicae and its tobacco-feeding form,
Myzus nicotianae (Blackman) over-produce one of two
very closely related esterases, E4 or FE4, and it has
been shown that both species have the same ampliÐed
E4 or FE4 genes.2 Indeed, aphids of wide geographic
origin have ampliÐed E4 genes on identical repeat units
of DNA, suggesting that this resistance mechanism
arose by a single genetic event and was subsequently
spread by migration.3

In 1990, an insensitive form of acetylcholinesterase
(AChE), the target site of organophosphate and car-
bamate insecticides, was identiÐed in M. persicae and
M. nicotianae collected from Greece.4,5 This confers
resistance very speciÐcally to the carbamate pirimicarb
and to triazamate, a novel triazole aphicide which also
inhibits AChE. When several UK clones of M. persicae
were examined in 1988, no evidence of modiÐed AChE
was found,6 and, moreover, pirimicarb had always pro-
vided most consistent control in the Ðeld, though this
was somewhat reduced for aphids with elevated esterase
levels.4 Thus it seems likely that this mutant AChE
appeared recently, and, although it seemed to be gener-
ally rare in 1994,4 it has now become increasingly wide-
spread in Europe and is posing a serious threat to
control by these otherwise very e†ective aphicides.

The primary physiological target for DDT and pyre-
throid insecticides is the voltage-sensitive sodium
channel of nerve membranes. Two mutations that are
associated with target-site resistance to these insecti-
cides (generally termed knockdown resistance or kdr)
have recently been identiÐed in the para-type sodium
channel gene of houseÑies.7 One of the mutations,
which results in a leucine to phenylalanine replacement,
has now been detected in the corresponding gene of M.
persicae and is similarly associated with resistance to
deltamethrin and DDT.8 Deltamethrin resistance
appears to result from the combined e†ects of the latter
and esterase overproduction. Clones with this mutation
had been collected from Ðeld populations in the UK as
early as the 1970s, suggesting that this mechanism has
been present in aphid populations for some time but
was not identiÐed due to lack of a suitable detection
method.

Our long-term research on the biochemical and
molecular basis of resistance has led to the development

of mechanism-speciÐc diagnostics for use on individual
insects. The amount of detoxifying esterase can be mea-
sured using an immunoassay9 and the ampliÐed gene
(E4 or FE4) responsible for the elevated esterase can be
detected by electrophoresis, or, more recently, by
restriction enzyme analysis or polymerase chain reac-
tion (PCR)-based techniques.10 Furthermore, know-
ledge of the DNA changes (involving cytosine
methylation) underlying loss of resistance by some
aphids also allows detection of elevated but unexpressed
esterase genes that represent a hidden resistance poten-
tial in such “revertantsÏ.11 The insecticide-insensitive
form of AChE can be detected using microplate-based
enzyme kinetic assays in the presence of diagnostic con-
centrations of inhibitors.6 For kdr-type resistance, diag-
nostic bioassays with DDT and pyrethroids can be
augmented by direct sequencing of the sodium channel
gene for the known kdr mutation12 or by using PCR-
based allele detection techniques (e.g. PASA).13 We
have used these techniques in the present work to dis-
close the presence and co-existence of resistance mecha-
nisms in 58 clones established from single aphids
collected from sites around the world over the past 20
years. For the purposes of this study we do not dis-
tinguish M. persicae from M. nicotianae ; all clones are
referred to by the former name.

2 METHODS AND MATERIALS

2.1 Aphids

Parthenogenetic cultures of M. persicae included Ðve
reference clones and 53 others established from single
insects collected from the Ðeld between 1989 and 1995.
Of the 58 clones investigated, 13 came from the UK, 26
from mainland Europe, eight from the USA, six from
South America, one from Australia and four from the
Far East (Table 1). They were chosen to ensure a wide
geographical and temporal coverage, but, since they
were also deliberately selected to encompass as broad a
range of esterase phenotypes as possible, they cannot be
considered representative of the resistance status of
aphids in those countries. All clones were reared as vir-
ginoparous, predominantly apterous colonies in leaf-
boxes14 on excised Chinese cabbage leaves at 20¡C with
a 16-h photoperiod.

2.2 Detection of resistance mechanisms

Individuals from each aphid clone were assayed for the
presence of elevated esterase enzyme, ampliÐed esterase
genes, AChE variant (sensitive or insensitive) and DDT
resistance (as a diagnostic of kdr). Tests for ampliÐed
esterase genes and kdr were conducted against the same
individuals.



Diagnostics for multiple resistance mechanisms in M. persicae 285

TABLE 1
Occurrence of Three Resistance Mechanisms in 58 Clones of Myzus persicae

Esterase phenotypea AChE phenotype kdr phenotypeb
No. of clones

Country of origin tested S R1 R2 R3 S Rc S R

UK 13 3 2 1 7 13 0 3 10
Belgium 1 0 0 1 0 1 0 1 0
France 3 0 0 1 2 3 0 3 0
Germany 2 0 0 0 2 2 0 0 2
Greece 9 1 0 2 6 4 5 8 1
Holland 6 1 2 1 2 3 3 3 3
Hungary 1 0 1 0 0 1 0 1 0
Italy 1 0 0 0 1 1 0 1 0
Spain 3 0 0 1 2 3 0 3 0
USA 8 1 0 3 4 8 0 2 6
Argentina 2 1 0 1 0 1 1 2 0
Chile 4 4 0 0 0 4 0 4 0
Australia 1 1 0 0 0 1 0 1 0
Japan 3 0 1 0 2 1 2 0 3
Korea 1 0 1 0 0 1 0 1 0

Total 58 12 7 11 28 47 11 33 25

a FE4 and E4 enzymes combined.
b Based on a diagnostic dose bioassay with DDT (see text).
c Includes insects both heterozygous and homozygous for this allele.

2.2.1 Elevated esterase and ampliÐed esterase genes
The amount of detoxifying esterase present in each
insect, measured by immunoassay using E4-antiserum
in 96-well microtitre plates, allowed the clone to be
categorised as either susceptible (S) or resistant (R1, R2
or depending on the amount of enzyme present).9R3 ,
The esterase genes in the DNA of individual aphids
were assessed by a PCR-based diagnostic10 to deter-
mine whether they were ampliÐed and, if so, whether
they were E4 or FE4. In the one case where ampliÐed
E4 genes were present but there was no elevated ester-
ase, MspI/HpaII digests were used to determine whether
the E4 sequences were unmethylated and therefore
unlikely to be expressed.11

2.2.2 AChE variant
The insensitive AChE variant was detected using a
microplate assay to measure enzyme activity in dupli-
cate samples from individual aphid homogenates in the
presence and absence of a diagnostic concentration of
pirimicarb.4

2.2.3 Kdr resistance to DDT and pyrethroids
Having established, using standard clones, that the pres-
ence of the kdr mutation was associated with survival of
a diagnostic dose of DDT,8 bioassays with this insecti-
cide were done on between nine and 74 aphids per
clone. DDT was chosen in preference to a pyrethroid as
a diagnostic for kdr because it circumvents the esterase-
based resistance mechanism. Prior to bioassays,
apterous adults were transferred to Chinese cabbage

leaf discs (10 per disc) placed upside-down on a bed of
agar (11 g litre~1) in plastic tubs (3 cm diam.), the lips
of which had been coated with Fluon to prevent escape.
The aphids were left for 2 h and then dosed individually
by topical application of DDT in acetone (200 ng in
0É25 kl). Responses were assessed after holding treated
insects at 22¡C for 48 h. For some clones, the presence
of the sodium channel gene mutation associated with
kdr resistance7 was investigated directly by PCR and
sequencing of the region spanning the amino acid sub-
stitution.12,13

3 RESULTS AND DISCUSSION

3.1 AmpliÐed esterase genes

Of the 58 aphid clones studied by immunoassay, 12 had
susceptible levels of esterase enzyme, with seven 11R1,

and 28 (Table 1). Elevated levels were found inR2 R3
clones chosen from all countries except Australia,
Argentina and Korea, from where very limited numbers
of clones were analysed, but where high levels of ester-
ase have been found previously. Hence this mechanism
now has a worldwide distribution. Table 2 shows that
in the UK, in keeping with a more extensive
(unpublished) survey, levels of esterase conferringR1
only moderate resistance are associated with ampliÐed
FE4 genes, and higher levels and with E4 genes.(R2 R3)
Aphids with high copy numbers of FE4 genes and(R2

are more common in southern Europe, but theirR3)
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TABLE 2
Distribution of Esterase Levels and the Presence of AmpliÐed
Esterase Genes in Myzus persicae Clones. Data for UK

Clones are shown in Parentheses

Esterase level

AmpliÐed genes S R1 R2 R3
No ampliÐcation 11 (2) 0 (0) 0 (0) 0 (0)
FE4 0 (0) 3 (2) 4 (0) 10 (0)
E4 1 (1)a 4 (0) 7 (1) 18 (7)

a Apparent revertant clone.

incidence in UK populations cannot be discounted
since most routine monitoring is based solely on the
esterase immunoassay, which quantiÐes esterase levels
but does not distinguish E4 from FE4.

When all clones are considered, high levels of resist-
ance are the result of both E4 and FE4 ampliÐcation
(Table 2). One factor inÑuencing the distribution of
highly elevated E4 and FE4 enzymes may be the appar-
ently complete linkage between ampliÐcation of E4, as
opposed to FE4, genes and a chromosomal trans-
location.15 The translocation seems to impose some
reproductive isolation on clones as either they do not
produce sexual forms or only males. This is of little con-
sequence for aphids in the UK, where sexual over-R3
wintering is extremely rare, but has probably led to the
preferential buildup of aphids over-producing FE4R3
in southern Europe and elsewhere where sexual popu-
lations predominate.

Only one clone of UK origin had ampliÐed E4 genes
but a susceptible enzyme titre (Table 2). Further
analysis of this clone showed that the ampliÐed E4
DNA sequences were unmethylated at MspI sites ; this
is consistent with previous results showing that lack of
DNA methylation correlates with loss of E4 esterase
gene expression and hence reversion to a susceptible
phenotype.11,16 Complete loss of methylation and
expression of ampliÐed E4 genes appears to be a rare
event. However, a previous survey of UK populations
did yield evidence for more frequent partial loss of
methylation and expression.17

3.2 Insensitive AChE

Eleven clones, all from Europe or Japan, were either
heterozygous or homozygous for the insensitive AChE
variant (Table 1). This mechanism was Ðrst detected in
an FE4-over-producing clone originating in Greece in
1990. Our work since then has documented its
occurrence in Japan and a northward expansion in its
European distribution. In 1996, many strains collected
from sites in eastern England reporting control diffi-
culties with pirimicarb were conÐrmed to possess this
AChE variant, but in an ampliÐed E4 background.

Interestingly, in the present work, the insensitive
variant was associated exclusively with elevated carbox-
ylesterase phenotypes (E4 or FE4) ranging from toR1

(Table 3). This is consistent with more detailedR3
surveys of UK populations that failed to yield any
insects combining insensitive AChE with non-ampliÐed
esterase genes. It may partly reÑect a bias towards sam-
pling from sites with relatively heavy reliance on insecti-
cides, i.e. ones where high esterase levels are likely to be
selected concurrently with the AChE mechanism.
However, the consistency of this phenomenon, even in
Ñying aphids collected from 12É2 m high suction traps
in the UK (unpublished data), suggests a more funda-
mental genetic explanation. One likely interpretation is
that the AChE mutation Ðrst occurred in an elevated
esterase background, and that subsequent dispersal
from the site of origin led initially to a predominance of
insects with both resistance mechanisms. In areas such
as northern Europe, where M. persicae is primarily
anholocyclic, this association would be maintained,
whereas under conditions promoting sexual repro-
duction during winter (e.g. southern Europe), recombi-
nation should occur leading to a gradual disassociation
of mechanisms. However, if populations possessing
highest frequencies of insensitive AChE are (as seems
likely) those under particularly intense selection with
insecticides, linkage disequilibrium between resistance
genes will be maintained. Under this scenario, aphids
combining insensitive AChE with susceptible esterase
levels would be the slowest to arise through recombi-
nation and to be dispersed, but are expected to be
reported in due course.

3.3 Kdr resistance

Based on diagnostic dose bioassays, 25 of the 58 clones
were DDT-resistant (Table 1). Although it may be
premature to attribute all these instances of DDT resist-
ance to a kdr-type mechanism, results of such tests have
so far correlated fully with the presence or absence of
the sodium channel gene mutation associated with kdr
in other species.12 Failure to detect any clones surviving
DDT that possess the susceptible sodium channel
sequence militates strongly against confusion caused by
a metabolic DDT-resistance mechanism. At present it is
only possible to assign insects to susceptible or resistant

TABLE 3
Co-occurrence of Esterase Levels and AChE Variants in

Myzus persicae Clones

Esterase level

AChE S R1 R2 R3
Sensitive 12 5 9 21
Insensitive 0 2 2 7
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phenotypes, since the response of kdr heterozygotes in
bioassays with DDT has not been established in suffi-
cient detail. It is possible, therefore, that a proportion of
clones classiÐed as “susceptibleÏ purely on the basis of
bioassays were heterozygous for the kdr allele.

All of the DDT-resistant clones had ampliÐed E4
genes, whereas of the 33 DDT-susceptible clones, 29
had either ampliÐed FE4 or no ampliÐed esterase genes
(Table 4). Thus there were only four DDT-susceptible
clones (from the USA, Spain and France) with ampliÐed
E4, and for each of these the presence of the susceptible
sodium channel gene was conÐrmed by PCR and
sequencing of the region containing the kdr-associated
mutation. As with insensitive AChE, these data there-
fore demonstrate strong linkage disequilibrium between
kdr resistance and ampliÐcation of the E4 form of the
esterase gene. However, this association evidently has a
longer history than that involving insensitive AChE,
since clones in which kdr resistance has been conÐrmed
date back to the 1970s at least. Lack of genetic equili-
bration is therefore less explicable as a consequence in
terms of treatment histories (ampliÐed E4 and FE4
genes both give some resistance to pyrethroids, as well
as to OPs and carbamates) and/or the ecology and dis-
persal capability of M. persicae. It is not clear at present
whether this linkage disequilibrium reÑects tight physi-
cal linkage, or is attributable to obligate parthenogen-
etic reproduction associated with the chromosomal
translocation in “high-E4Ï aphids. The four clones with
ampliÐed E4 genes that were nonetheless kdr-
susceptible show that the link between E4 and kdr is
not absolute. Further work to resolve this issue is cur-
rently under way.

The detection and preliminary analysis of kdr resist-
ance in M. persicae has shown that a substantial com-
ponent of pyrethroid resistance attributed previously to
esterase detoxication is in fact due to target-site insensi-
tivity.8

3.4 Implications for resistance management

At present, the practical implications of these results are
easiest to summarise from a UK perspective, since the
occurrence and co-incidence of mechanisms has been
best documented in this country. However, it is clear
from our work that all three mechanisms are widely dis-

TABLE 4
Presence of AmpliÐed Esterase Genes and Resistance to DDT

(i.e. kdr Resistance) in Myzus persicae Clones

DDT resistance phenotype

AmpliÐed genes S R

No ampliÐcation 11 0
FE4 17 0
E4 5 25

tributed (six clones had all three), and collectively con-
stitute a severe threat to the management of M. persicae
throughout its geographical range.

Until recently the only resistance mechanism recog-
nised in M. persicae was that based on elevated carbox-
ylesterases. This was considered to confer strong
resistance to OPs and pyrethroids, but lower resistance
to carbamates. Although high-esterase phenotypes have
been shown to be selected by insecticide sprays, a
coarse-grained analysis of monitoring data collected
nationwide between 1988 and 1995 revealed no direc-
tional increase in the frequency of and aphidsR2 R3
over this period.18 In the light of recent Ðndings, such
temporal stability of esterase phenotypes can probably
be attributed to insecticide selection being countered by
a reduced ability of highly resistant aphids to survive
UK winters. Experiments comparing the overwintering
success of clones of known E4 or FE4 phenotypes
demonstrated, for the coldest months in particular, an
inverse relationship between survival and the amount of
esterase present.19 Opposing selective forces appear to
have maintained a balanced polymorphism for this
mechanism, and thereby enabled continued control of
M. persicae with insecticides. Pirimicarb has proved an
essential component of such control regimes, since it
retains partial e†ectiveness even when contending with
high levels of esterase-based resistance late in a crop-
ping season.

The detection of an AChE variant conferring strong
and very speciÐc resistance to pirimicarb therefore has a
very profound bearing on the management of resistance
in M. persicae. Recommendations to exploit pirimicarb
to combat E4 and FE4 resistance now run the risk of
accelerating the selection and spread of insensitive
AChE, thereby rendering this chemical ine†ective over
large areas. Ironically, this would also have severe
repercussions for the efficacy of triazamateÈone of very
few novel aphicides available against M. persicae.
Future attempts to combat resistance must clearly place
greater emphasis on more careful use of pirimicarb,
based on detailed biochemical monitoring to document
the dynamics and geographical spread of the new gene.
The current association (in the UK at least) of insensi-
tive AChE with elevated esterases has the drawback
that both mechanisms will be selected concurrently, but
the potential advantage that Ðtness costs incurred at
low temperatures by insects with highly ampliÐed ester-
ase genes should cause a concomitant decline in the fre-
quency of the insensitive AChE allele during winter. At
present it is unknown whether the latter inÑuences
Ðtness in its own right, or whether it a†ects Ðtness costs
associated with elevated carboxylesterases.

ConÐrmation of a kdr-type mechanism in M. persicae
complicates the genetic architecture of resistance in this
species still further. Its seemingly intimate association
with ampliÐed E4, as opposed to FE4, genes has some
interesting genetic implications. At a practical level, this
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combination of mechanisms accounts for the pyrethroid
resistance in M. persicae previously attributed solely to
esterase over-production. Although the latter does con-
tribute signiÐcantly, its potency alone may not impair
the Ðeld performance of pyrethroids to the extent orig-
inally suspected.8 In areas where FE4 predominates, or
where high E4 resistance is shown not to be associated
with the kdr allele, there is therefore a prospect of con-
tinuing to use pyrethroids against populations proven to
possess this combination of phenotypes. Opportunities
for exploiting the discovery of kdr resistance to Ðne-tune
management recommendations in the UK appear more
limited at present, since all high-E4 clones analysed to
date have also possessed the kdr mutation. This being
so, it is also possible that the reduced overwintering
success associated with esterase over-production may
not result from ampliÐed E4 genes per se, but from a
co-existing kdr mechanism reducing the sensitivity of
the nervous system to stimuli (e.g. plant sensescence)
that promote survival under harsh climatic condi-
tions.20 This is being investigated further.

4 CONCLUSIONS

Long-standing research on M. persicae exempliÐes a
number of considerations likely to achieve increasing
importance for contending with multi-resistant pests.
First, it emphasises the key role that mechanism-speciÐc
assays can play in resolving the evolution and dynamics
of multiple resistance mechanisms, each with di†erent
cross-resistance characteristics and hence implications
for resistance management. Second, it demonstrates the
potential beneÐt of exploiting knowledge and tech-
niques gained from work on more tractable organisms
to disclose either an incipient mechanism (e.g. insensi-
tive AChE) in another species, or others (e.g. kdr) that
might otherwise avoid detection using conventional
toxicological and/or biochemical procedures. Most
importantly of all, it highlights the necessity of address-
ing resistance from a multi-disciplinary perspective,
thereby embodying the central theme of the Resistance
Ï97 ConferenceÈthat of an integrated approach to ana-
lysing and combatting resistance problems.
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