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PREFACE

When Elsevier published the seven-volume series Comprebensive Molecular Insect Science in 20035, the
original series was targeted mainly at libraries and larger institutions. While this gave access to researchers
and students of those institutions, it has left open the opportunity for an individual volume on a popular area
in entomology: insect control. Such a volume is of considerable value to an additional audience in the insect
research community — individuals who either had not had access to the larger work or desired a more
focused treatment of these topics.

As two of the three editors of the Comprebensive series, we felt that it was time to update the field of insect
control by providing an updated volume targeted specifically at professional researchers and students. In
editing the original series, we expended a great deal of effort in finding the best available authors for each of
those chapters. In most instances, authors who contributed to Comprebensive Molecular Insect Science also
provided updates on Insect Control. The authors carefully reviewed recent data and cited the most relevant
literature. We as coeditors reviewed and edited the final addenda.

The chapters incorporate all major insecticide classes in use for insect control, with the exception of
organophosphates and carbamates. Pyrethroids continue to contribute to insect control in agriculture, and
more recently have seen increased use in bed nets for the control of mosquito-borne diseases, such as
malaria, and an update is provided in the addendum to “Pyrethroid Insecticides and Resistance Mechan-
isms.” The chapters “Neonicotinoid Insecticides,” “Indoxycarb — Chemistry, Mode of Action, Use and
Resistance,” “Spinosyns,” and “Insect Growth Regulators and Development Disrupting Insecticides” cover
newer classes of insecticides in use. “Azadirachtin, a Natural Product in Insect Control” deals with a plant
extract that has also seen increased use. A number of chapters deal with viral, bacterial, and fungal control
of insects, and these topics are discussed in the chapters titled “Genetically Modified Baculoviruses for Pest
Insect Control,” “Bacillus thuringiensis, with Resistance Mechanisms,” “Bacillus sphaericus Taxonomy and
Genetics,” and “Entomopathogenic Fungi and Their Role in Regulation of Insect Populations.” Finally,
“Insect Transformation™ outlines critical issues on using transformed insects for control programs. Addi-
tional chapters of interest are also available in a companion volume titled Insect Pharmacology.

Several years of effort was expended by both of us and our colleagues in choosing topics for the seven-
volume series, in the selection of authors, and in the editing of the original manuscripts and galley proofs.
Each and every chapter in those volumes was important, and even essential, to make it a “Comprehensive”
series. Nevertheless, we feel strongly that having this volume with the updated material and many references
on these important aspects of insect control will be of great help to professional insect biologists, to graduate
students conducting research for advanced degrees, and even to undergraduate research students contem-
plating an advanced degree in insect science.

— LAWRENCE I. GILBERT,
Department of Biology,
University of North Carolina,
Chapel Hill

—SARJEET S. GILL,

Cell Biology and Neuroscience,
University of California,
Riverside
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1 Pyrethroids
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1.1. Introduction
1.1.1. Pyrethrum Extract
1.1.2. Synthetic Pyrethroids
1.2. Development of Commercial Pyrethroids
1.3. Structure-Activity Relationships in Pyrethroids
1.4. Mode of Action of Pyrethroids
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1.4.2. Site of Action

1.4.3. Modeling Studies on Prediction of Putative Pharmacophores

1.5. Resistance to Pyrethroids
1.5.1. Resistance Mechanisms
1.5.2. Resistance to Pyrethroids in the Field

1.1. Introduction

The introduction of synthetic pyrethroids in the
1970s signalled a new era for environmentally friend-
ly, highly effective and selective insecticides. For ex-
ample, deltamethrin when introduced was the most
effective insecticide on the market, being over 100
times more active than DDT and with the benefit of
not accumulating in the environment. More than
30 new pyrethroids, including several new structu-
ral types, have been commercialized in the past 20
years (Bryant, 1999; Tomlin, 2000). Despite the
evolution of resistance to pyrethroids in many insect
pests, pyrethroids continue to be an important class.
Part of their success has been due to the implemen-
tation of resistance-management strategies and the
exploitation of new applications.

Since the previous review in this series (Ruigt,
1985), research activity in the discovery of novel
pyrethroids peaked in the early 1990s and has now
largely ceased. Major advances have been made
in understanding the mode of action, especially by
the application of molecular biology techniques,
and in the management of resistance in the field.
This chapter will review the advances made in
these areas with the emphasis on commercial com-
pounds.

1.1.1. Pyrethrum Extract

Despite the introduction of a number of other natu-
ral insecticides, pyrethrum extract from the flowers
of the pyrethrum daisy (Tanacetum cinerariaefolium
Schulz -Bip.; syns Chrysanthemum cinerariaefo-
lium Vis., Pyrethrum cinerariaefolium Trevir.)

remains commercially the most important, with
demand continually outstripping supply. Supplies
from Kenya, the major producer, have been irregular
for many years. A new pyrethrum industry has
been established in Tasmania, Australia, which is cur-
rently the second biggest producer and is set to in-
crease further. Their industry was founded on the
basis of extensive research leading to the development
of plant lines that flower simultaneously, thus allow-
ing mechanical harvesting and thereby a significant
saving in labor costs. In addition they produce a very
high-quality product by further purification of the
hexane extract with a new procedure based on parti-
tioning with liquid carbon dioxide. Major applica-
tions of pyrethrum extract continue to center on
control of flying insects (e.g., mosquitoes), pre-harvest
clean-up, and human- and animal-health pests. With
an increasing demand for organically grown
produce, use of pyrethrum extract has also increased.

1.1.2. Synthetic Pyrethroids

The market share of synthetic pyrethroids remained
for many years at around 20-25% of the global
insecticide market but in the past few years has
declined to around 17%. Cotton remains the biggest
market for pyrethroid applications; however, due
to resistance build-up, this market has steadily de-
clined from nearly 50% to less than 40% of the total
pyrethroid tonnage. With the exception of some
Japanese and Chinese companies, most major agro-
chemical companies ceased research effort in the
discovery of novel pyrethroids by the late 1990s.
Since 1985, major advances have been made in
identifying novel pyrethroids that have substantially
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increased the spectrum of activity to include control
of mites, soil pests, rice pests (previously limited
by the high fish toxicity of pyrethroids), and newer
problem pests such as the cotton (also called the
tobacco or sweet-potato) whitefly (Bemisia tabaci).
In the past decade, commercial effort has been
directed at introducing enriched isomer mixtures
and the exploitation of niche markets including
head-lice, termites, and bednets for the control of
mosquitoes. Rather remarkably, sea-lice on salmo-
nid fish are controlled by established pyrethroids
(e.g., deltamethrin) which, despite their high fish
toxicity, are being used at carefully selected doses.
Another area of progress has been the develop-
ment of novel formulations to extend the utility
of established pyrethroids. For example, lambda-
cyhalothrin formulated as micro-capsules allows
slow release for public-health uses requiring long-
term residual effects and when impregnated in plas-
tic films controls termites with minimal operator
exposure.

At the commercial level, global sales of pyre-
throids in 2002 have been estimated at $1280M.
Over 95% of the pyrethroid sales are accounted
for by 12 active ingredients, of which deltamethrin
continues to be the market leader with >16% share
and sales exceeding $200M. Lamda-cyhalothrin is
a close second with nearly 16% share; permethrin
and cypermethrin account for 14% and 11%
respectively, with all other pyrethroids contributing
less than 7% each. Notably, although tefluthrin
accounts for only 6% of the pyrethroid market,
it is one of the most widely used soil insecticides in
maize in the USA (Cheung and Sirur, 2002). The
biggest concern in the sustained use of pyrethroids
is the development of resistance. Though success-
ful integrated pest-management strategies have been
utilized, overall levels of resistance have continued
to increase steadily. However, a greater understand-
ing of the resistance mechanisms and the develop-
ment of simple and high-throughput diagnostic
procedures have aided the recognition of resistance
mechanisms and hence facilitated the management
of resistance.

1.2. Development of Commercial
Pyrethroids

There are several reviews (Elliott, 1977, 1995,
1996; Davies, 1985; Henrick, 1995; Pap et al.,
1996a; Matsuo and Miyamoto, 1997; Pachlatko,
1998; Bryant, 1999; Katsuda, 1999; Khambay,
2002; Soderlund et al., 2002) covering aspects of
structure—activity relationships in pyrethroids. To
appraise the advances made since 1983, it is useful

to recollect the systematic approaches adopted
earlier, in particular by Elliott, in the discovery of
synthetic pyrethroids (see Figure 1 for structures).
The key to his success was the selection of pyrethrin
I (1) over pyrethrin II (2) as the lead structure and
the choice of test species (housefly Musca domestica
and mustard beetle Phaedon cochleariae), which are
model insects rather than agricultural pests. Pyre-
thrin I has superior insecticidal activity to pyrethrin
I1, though the latter gives better knockdown. This
chapter will briefly review the progress in the
development of pyrethroids using commercial pyre-
throids as examples and for ease of readability these
are not cited in chronological order.

Elliott’s work culminated in the discovery of bior-
esmethrin (3) in 1967 followed by permethrin (4),
cypermethrin (5), and deltamethrin (6) in 1977.
These compounds have greater insecticidal activity
than pyrethrin I, yet exhibit lower mammalian
toxicity (Table 1) and initiated a major interest in
pyrethroid research in agrochemical companies.
These early synthetic compounds still account for a
substantial share of the pyrethroid market despite
the subsequent introduction of over 30 new pyre-
throids. The majority of these compounds are closely
related analogs. Replacement of the E (but not
Z) vinyl chloride in cypermethrin with a CF3 or a
4-chlorophenyl group retains activity and led to
the discovery of cyhalothrin (7) and flumethrin
(8), respectively. Both have good acaricidal activity
and the latter is especially active against a range of
tick species and is extensively used in animal health.
Bromination of deltamethrin led to tralomethrin
(9), a proinsecticide that breaks down to deltamethrin
in the insect. Though most of the commercial
pyrethroids are based on pyrethrin I, two have been
developed using pyrethrin II as the lead structure.
Kadethrin (10) emulates the high knockdown activity
of pyrethrin II but acrinathrin (11) is more noted
for its high activity against mites, ticks, lepidopteran,
and sucking pests.

The other major influence in the development
of pyrethroids came with the announcement of fen-
valerate (12), a compound lacking the cyclopropane
moiety. It was announced in 1976 by researchers at
Sumitomo, around the same time as those disclosed
by Elliott. Subsequently, many analogs were dis-
covered, mainly with different substituents in the
acyl moiety, especially at position 4. Examples in-
clude flucythrinate (13) and its derivative flubro-
cythrinate (14), also referred to as ZXI 8901) (Jin
et al., 1996) with Br introduced at the 4” position.
Introduction of NH and optimization of substitu-
ents in the acyl moiety led to fluvalinate (15), which
exhibits broad-spectrum insecticidal and miticidal
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activity. In contrast to most other pyrethroids, it is
essentially nontoxic to bees and is used to control
mites in honeybee colonies and orchards.

Advances since 1985 in the development of new
alcohol moieties have been limited. Recognition of
the need for unsaturation in the side chain of the
alcohol moiety of pyrethrin I had led to the develop-
ment of the first commercial synthetic pyrethroid,
allethrin (16). Substitution of the alkene with an
alkyne group resulted in the more active analog
prallethrin (17). Further systematic development
resulted in the discovery of imiprothrin (18) and
the more volatile, albeit only moderately insecticid-
al, empenthrin (19). The latter has low mammalian
toxicity and is used in controlling insects that eat
fabrics. Pyrethroids containing fluorinated benzyl
alcohol moieties have long been recognized for
their high vapor pressure but many exhibit high
mammalian toxicity. An exception is transfluthrin
(20) (acute LDs, >5000 mgkg ' to male rats), con-
taining a tetrafluorobenzyl alcohol moiety, which
has only recently been commercialised for domes-
tic use. Although many pyrethroids exhibit high
activity in contact assays against soil pests (e.g.,
the corn rootworm Diabrotica balteata), the major-
ity are ineffective under field conditions because
they do not possess the required physical properties,
especially high volatility (Khambay ef al., 1999).
Tefluthrin (21), having a 4-methyltetrafluorobenzyl
alcohol moiety, is sufficiently volatile and, despite
its relatively high mammalian toxicity (acute LDsg
22mgkg ! to male rats), is the only pyrethroid
to have been commercialized as a soil insecticide.
Two analogs of tefluthrin, metofluthrin (22) and
profluthrin (23), have recently been developed for
non-agricultural use by Sumitomo.

An interesting development has been the replace-
ment of 3-phenoxybenzyl alcohol by 3-phenylbenzyl
alcohol, which is sterically more restricted. Activi-
ty in this series is enhanced by the introduction of
a CHj3 group at position 2 as in bifenthrin (24),
which forces noncoplanarity of the phenyl rings
presumably so matching the conformation of the
target site. It has broad-spectrum activity and is
particularly effective against some mite species.
Although it is has one of the highest levels of mam-
malian and fish toxicity, it is commercially very
successful.

The development of “hybrid” pyrethroids con-
taining structural features both of DDT and of pyre-
throids has been discussed previously (Ruigt, 1985).
One compound, cycloprothrin (25), was eventually
commercialized in 1987. Though it is much less
insecticidal than deltamethrin, it has lower mamma-
lian and fish toxicity and is therefore used to control

pests in a range of applications including paddy
rice, vegetables, tea, and cotton.

The most noteworthy advance in the past 20 years
has been the discovery of the nonester pyrethroid
etofenprox (26) in 1986. Further innovations led
to silicon (e.g., silafluofen, (27)) and tin (e.g., (28))
analogs, the latter being nearly ten times more
active than the corresponding carbon compounds.
It had been a major objective of many researchers
to replace the ester linkage in pyrethroids so as to
achieve increased metabolic stability. A key feature
of the nonester pyrethroids is their low toxicity to
fish, and indeed etofenprox is used in rice paddy.
However, it may be noted that even ester pyre-
throids, despite having high intrinsic toxicity to
fish, often manifest lower toxicity in the field than
might be expected. This lower toxicity is observed
because their concentration in water is limited by
very low solubility, together with mitigation by
strong sorption into organic matter such as pond
sediments and river vegetation. However, the non-
ester pyrethroids have not yet made a significant
commercial impact.

Of the many other variations, introduction of
fluorine at the 4-position in the alcohol moiety has
been the most significant. In general it leads to an
appreciable enhancement of activity, albeit only
to some species especially ticks (as in flumethrin
(8)). Cyfluthrin (cypermethrin with a 4'-F) appears
to have been introduced mainly on commercial con-
siderations rather than on the grounds of efficacy.
Furthermore, this substitution reduces metabolic
attack at the 4’-position, thereby reducing the level
of resistance in some insect species.

Commercial effort in the discovery of novel
pyrethroids had all but ceased by the late 1990s,
although efforts have continued to introduce
single- or enriched-isomer mixtures (Table 2). Del-
tamethrin was the first pyrethroid to be commer-
cialized as a single enantiomer by Rousell-Uclaf.
This was followed by esfenvalerate (1S, oS compo-
nent of fenvalerate) and acrinathrin. A single isomer
of cyhalothrin, gamma-cyhalothrin (also called
super-cyhalothrin), is currently under development.
For cypermethrin, commercial production of a sin-
gle isomer has not been possible; however, enriched
isomer mixtures have been introduced to exploit
specific properties and market opportunities. For
example, the frans isomers of cypermethrin are
known to be more readily metabolized in mammals
than the cis isomers. Thus theta-cypermethrin, con-
taining only the #rans isomers, has a much higher
safety margin than cypermethrin and, in addition
to its use in agriculture, also has uses in veterinary
and public health. Prallethrin also has potentially
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Figure 1 Commercial and novel pyrethroids (structures 1-28).
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Table 1 Insecticidal and mammalian toxicity of pyrethrin | and
selected pyrethroids

Representative median lethal dose
(mgkg™")

Pyrethroid Housefly, Musca domestica Rat, oral

Pyrethrin | (1) 30 420
Bioresmethrin (3) 6 800
Permethrin (4) 0.7 2000
Deltamethrin (6) 0.02 ~100

Table 2 Isomer mixtures of pyrethroids

Number of

Pyrethroid Product isomers Stereochemistry

Cypermethrin 8 (1R)-cis, a.S;
(1S)-cis, aR
(1R)-cis, a.R,;
(1S)-cis, S
(1R)-trans, o.S;
(18)-trans, aR
(1R)-trans, oR;
(18)-trans, oS
(1R)-cis, a.S;
(18)-cis, aR
(1R)-cis, a.S;
(1S)-cis, aR
(1R)-trans, o.S;
(18)-trans, aR
(1R)-trans, o.S;
(18)-trans, aR
(1R)-cis, o.S;
(18)-cis, oS
(1R)-trans, o.S;
(18)-trans, oS
(1R)-cis, o.S;
(1S)-cis, aR
(1R)-trans, o.S;
(18)-trans, aR
(1R)-cis, o.S;
(18)-cis, aR
(1R)-cis, .S
(2R), aR; (2R), oS
(2S), aS; (2S), oS
(2R), aR; (2R), oS

Alpha 2

Beta 4

Theta 2

Zeta 4

Cyhalothrin 4

Lambda 2

—_

Gamma
Fluvalinate 4

Tau 2

eight isomers but is sold as a mixture of two active
cis/trans isomers, each with the 1R center at Cl1
and aS in the alcohol moiety.

1.3. Structure-Activity Relationships in
Pyrethroids

As described above, pyrethroids form a diverse class
of insecticides highly effective against a broad spec-
trum of insect and acarine pests. The level of activity
is determined by penetration, metabolism within the
insect, and the requirements at the target site. As an

illustration (see Figure 2 for structures), pyrethrin I
has good activity against houseflies but poor activity
against mites, whereas an experimental compound
(29) has very high miticidal but poor insecticidal
activity. Despite this diversity, it is possible to make
some generalizations regarding structural require-
ments for high activity in pyrethroids. The seven-
segment model (Figure 3) based on pyrethrin I, the
lead structure originally adopted by Elliott (Elliott
and Janes, 1978), serves as a good model to illustrate
these general requirements and exceptions to them.

Segment A: Unsaturation generally leads to high
activity. However, exceptions are known; for example
fenpropathrin (41), containing the tetramethylcyclo-
propane acyl moiety (lacking in unsaturation), has
high insecticidal and acaricidal activity. In general,
large variations (steric and electronic) can be tolerated
in this region. For example, (30) has an extended side-
chain compared with cypermethrin and yet their
activity is similar; flumethrin (8), possessing a bulky
aromatic substituent, is highly active towards ticks.

Segment A+ B: In ester pyrethroids, the gem-
dimethyl group or its steric equivalent must be
beta to the ester group. The required geometrical
stereochemistry (cis/trans) across the cyclopropane
ring (segment B) is influenced by the nature of the
alcohol moiety, substituent at C3 and test species.
In general, IR-trans-chrysanthemates (as in biores-
methrin) are more active then the corresponding
cis isomers. The vinyl dihalo substituents are gener-
ally more effective than the chrysanthemates; how-
ever, the relative activity of the cis and trans isomers
varies considerably. For alcohols containing two
rings (e.g., 3-phenoxybenzyl alcohol as in deltame-
thrin), the 1R-cis isomers are generally more active
than the #rans isomers, but with alcohol moieties
that contain a single ring (e.g., pentafluorobenzyl
as in fenfluthrin (31) and cyclopentenone as in alle-
thrin) the converse is true, with the trans isomers
being more active.

In pyrethrin II, the vinyl carbomethoxy group
in the acid moiety has the E configuration. Its corre-
sponding analogs, cis and trans esters of a-cyano-
3-phenoxybenzyl alcohol, are equally active; the Z
isomer of the nor homolog (e.g., (32)) of the cis
(but not the #rans) isomer was unexpectedly much
more active. Acrinathrin incorporates these two fea-
tures and, although only half as active as deltame-
thrin against houseflies, it is more active towards
some species of mites, ticks, lepidopteran insects,
and sucking pests. Furthermore, stereochemistry
also influences species selectivity of pyrethroids, a
process primarily determined by selective metabo-
lism. For example, contrary to the above generali-
zation for pyrethroids containing 3-phenoxybenzyl
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Figure 2 Pyrethroids referred to in structure—activity relationships section (structures 29-44).
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Figure 3 Schematic breakdown of the pyrethrin | molecule
into seven segments.

alcohol, theta-cypermethrin (¢rans isomers) controls
lepidopteran pests more effectively than a-cyperme-
thrin (cis isomers), whereas the converse is true for
dipterans.

When present, correct chirality at C1 of the acyl
moiety (segment B) is crucial for activity. For both
the esters of cyclopropane acids and for the fenva-
lerate series, activity requires the same spatial con-
figuration at C1 (note that this is designated by R in
the former and S in the latter by the nomenclature
rules). Flufenprox (33), with an R configuration at
C1, appears to contradict this generalization but
apparently it is more similar to esfenvalerate than
its corresponding S isomer.

Segment C: The ester linkage can be replaced by
an isosteric group. However, changes are directly
affected by the nature of segment B. For the cyclo-
propane esters, all isosteric replacements of the ester
linkage substantially reduce activity. However, in
the fenvalerate series, it can be replaced with reten-
tion of activity, for example (34) in which a ketox-
ime group replaces the ester linkage. The first such
non-ester pyrethroid to be commercialized was eto-
fenprox (26). Successful replacement of the ester
group by an ether linkage was found to be largely
dependent on the spatial arrangement of the gem-
dimethyl group. In addition, the gem-dimethyl
group could be replaced by cyclopropane and the
ether link by other isosteric groups such as alkyl
(MTI 800, (35)) and alkenyl (e.g., NRDC 199 (36)
and NRDC 201 (37)). A subsequent important
observation was that, in contrast to fenvalerate,
replacement of the dimethyl with a cyclopropyl
group in the nonester analogs (as in protrifenbute,
(38)) resulted in a substantial (almost x100)
increase in activity.

Segments D and E: The carbon joined to the ester
oxygen must be sp3 hybridized, with at least one
proton attached to it and linked to an unsaturated
center (e.g., an alkene). This can be a cyclic moiety
(as in pyrethrin I) or substituted aromatic (as
in permethrin). In the latter, introduction of an
o-cyano group (e.g., deltamethrin) enhances activity

only with benzyl alcohols with a 3-phenoxy or an
equivalent cyclic substituent (e.g., 3-benzyl and
3-benzoyl). With other alcohols containing cyclic
moieties (e.g., 5-benzyl-3-furylmethyl alcohol as in
bioresmethrin and 3-phenyl as in bifenthrin), it
reduces activity. With a single cyclic moiety (e.g.,
NRDC 196, (39)) containing an acyclic substituent,
introduction of an a-cyano group has a negligible
effect on activity. However, in the absence of a
side-chain, introduction of a cyano group in such
compounds leads to loss of activity (e.g., as with
tefluthrin (21)). An ethynyl group is generally less
effective, though in empenthrin it is more effective
than a cyano group.

The chirality at the oxygenated carbon of the
alcohol moiety (the o carbon) is also important for
activity but, in contrast to the strict requirement at
C1 of the acyl moiety, the required chirality appears
to depend on the structure of the alcohol. For exam-
ple, the orientation conferring high activity in the
cyclopentanone (as in pyrethrin I) and acyclic (as
in empenthrin) alcohol moieties is the opposite to
that for the a-cyano-3-phenoxybenzyl alcohols (as
in deltamethrin). Furthermore, the difference in the
level of activity between the epimers at this center is
much larger for the latter (see below). In addition,
selectivity in pyrethroids between insect species
can be due to selective metabolic processes. A good
illustration is an elegant investigation by Pap et al.
(1996Db). They investigated the insecticidal activity
of three structurally related series of pyrethroids
(phenothrin (40), permethrin (4), and cypermethrin
(5)) toward six insect species. The chirality require-
ment at C1 was as indicated above, and, as expected
at the a-cyano center, the S isomer was more effec-
tive than R in all species; however, in the presence of
metabolic inhibitors, the R isomer had comparable
activity to the S towards mosquitoes but not the
other species. Against houseflies, permethrin and
phenothrin were less active than the corresponding
a-cyano analogs. However, in the presence of the
synergist piperonyl butoxide (PBO), the difference
in the levels of activity was much lower. Both exam-
ples demonstrate that the aR isomer is more sensi-
tive to metabolism and that in mosquitoes, but not
the other species, unexpectedly binds to the sodium
channel receptor in a comparable manner to the
S isomer.

Segment F: The CH, group can be replaced by
an oxygen or sulfur atom, or by an isosterically
equivalent group such as carbonyl, with retention
of variable levels of activity. In the case of benzyl
alcohols, both cyclic and acyclic substituents can
be attached either at position 3 or 4. However,
cyclic substituents such as 3-phenoxybenzyl in the
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4-position result in almost complete loss of activity,
though a subsequent introduction of an a-cyano
group enhances activity only for 3-substituted
benzyl alcohols.

Segment G: Unsaturation in this region was initi-
ally considered essential for high activity. However,
subsequent developments have indicated anomalies.
Replacement of the diene in pyrethrin I with an
alkene had led to the discovery of allethrin, the
first synthetic pyrethroid to be commercialized. Al-
though against houseflies it was as effective as pyre-
thrin 1, it was significantly less effective against a
range of other insect species. Indeed, this was the
key observation made by Elliott that led to the de-
velopment of bioresmethrin. However, since then
many other highly effective alcohols have been dis-
covered that contain unsaturated acyclic side-chains
e.g., prallethrin and imiprothrin, both containing an
alkynyl group. Two commercial compounds, trans-
fluthrin (20) and empenthrin (19), both devoid of a
side-chain, appear to contradict this generalization.

There are constraints in the overall shape, size,
and the relative positioning of the various structural
features within the pyrethroid molecule. Thus, de-
spite the general belief, it is clear that the require-
ments for overall size are not stringent, though the
alcohol moiety is limited to an overall size of no
more than two benzene rings. The acid moiety can
be varied substantially with retention of activity,
for example flumethrin (8), fenpropathrin (41),
and compound (42). In addition, although some of
the regions of pyrethroid molecules can be varied
independently of others, many require simulta-
neous modifications in adjacent regions (e.g., as in
nonester pyrethroids). With regard to the relative
positioning of the segments, compound (43), despite
having the correct overall size, is nontoxic; this indi-
cates that the relative positioning of the unsaturated
center in the alcohol moiety to the ester linkage is
crucial for activity. Thus, overall shape and size are
both important for activity in pyrethroids.

Selectivity of pyrethroids is influenced by several
factors, including rate of penetration, susceptibility
to detoxification, and potency at the site of action.
Finally, synergism in pyrethroids has been reported
for a combination of active and inactive isomers,
and between two structurally different pyrethroids
(e.g., bioallethrin and bioresmethrin). Synergy is
also known to arise with other classes of insecticides
(e.g., organophosphates) that inhibit metabolic
degradation (Naumann, 1990; Katsuda, 1999).

Quantitative  structure—activity  relationships
(QSAR), using both iz vivo and in vitro bioassay
data with a range of pyrethroids, have been exten-
sively investigated to gain a better understanding of

structural/physical requirements for transport and
binding of pyrethroids at the site of action (Ford
et al., 1989; Ford and Livingstone, 1990; Hudson
et al., 1992; Mathew et al., 1996; Chuman et al.,
2000b). The most comprehensive QSAR studies
with pyrethroids have been undertaken over the
past 20 years by researchers at Kyoto University
and collaborators (Nishimura et al., 1988, 1994;
Matsuda et al., 1995; Nishimura and Okimoto,
1997, 2001; Akamatsu, 2002). For example, early
studies (Nishimura et al., 1988 and references
therein), using benzyl chrysanthemates and bio-
assays with the American cockroach Periplaneta
americana, indicated that knockdown activity was
strongly correlated with steric bulkiness (Van der
Waals’ volume) and both the hydrophobicity and
position of substitution in the benzyl alcohol moiety.
Thus, for meta-substituted derivatives, both hydro-
phobicity and steric factors were important, but for
para-substituents activity varied parabolically with
substituent volume. Both the rate of development
of intoxication and the potency of the symptoms
directly influenced knockdown activity and were
dependent primarily on the pharmacokinetics of
the transport process.

More recently, a direct relationship between
changes in membrane potentials and physical prop-
erties of pyrethroids has been established (Matsuda
et al., 1995). Using a diverse set of 39 ester pyre-
throids, incorporating nine types of acyl and five
types of alcohol moieties, they found a parabolic
relationship between membrane potentials in cray-
fish (Procambarus clarkii) giant axons and the
hydrophobicity of the compounds tested. They con-
cluded that nonspecific penetration from outside
the nerve membrane to the target site was the
major factor influencing the rate of development
of knockdown effects. The optimum lipophilicity
for knockdown effect was calculated to be log Koy,
5.4 (where K., is the partition coefficient between
1-octanol/water). This was slightly higher than pre-
dicted values of about log K, 4.5 (Briggs et al.,
1976; Kobayashi et al., 1988), indicating that other
factors may also influence in vivo activity. Hence,
less lipophilic pyrethroids can still exhibit high
knockdown activity. Of particular note is imipro-
thrin, which gives high knockdown though having
an exceptionally low log K, of 2.9. Interestingly,
compounds of such low lipophilicity are expected
to exhibit systemic movement in plants, though
such activity has not been reported in pyrethroids.
Given the complexity of structure—activity relation-
ships in pyrethroids, it is not surprising that such
QSAR studies have not led to the new commercial
compounds.
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It should be noted that commercial pyrethroids
can exhibit significant phytotoxicity which can
limit their application. For example, deltamethrin
is too phytotoxic to be used on Sitka spruce (Picea
sitchensis) transplants to control the large pine
weevil (Hylobius abietis), and black pine beetles
(Hylastes spp). Permethrin exhibits little phytotoxi-
city and cypermethrin is intermediate between the
two (Straw et al., 1996).

1.4. Mode of Action of Pyrethroids
1.4.1. Classification of Pyrethroids

Pyrethroids, which comprise a diverse range of
structures, have historically been classified into
two broad groups (Type I and Type II) on the basis
of their biological responses (Table 3). Interpreta-
tion of most mode of action studies on insects
has been predicated on this classification, though
this is now considered to be an overly simplistic
approach.

The two types of symptoms have been associated
with the absence (Type I) or presence (Type II) of an
a-cyano group. For example, permethrin exhibits
Type I behavior; introduction of an a-cyano group
gives cypermethrin which shows Type II behavior.
This modification is accompanied by an increase in
activity of an order of magnitude, and indeed all
commercial Type II compounds have an a-cyano
group in conjunction with a 3-phenoxybenzyl alco-
hol moiety. However, introduction of an a-cyano
group does not always lead to an increase in activity.
For example, in bioresmethrin it leads to a loss
in activity and in NRDC 196 activity is only mar-
ginally increased. Furthermore, the level of activity
is influenced by the choice of test species. Thus

Table 3 Classification of pyrethroids

classification as Type I or II cannot be based solely
on the presence/absence of an a-cyano group. It is
most likely that Type I and Type II represent the
extremes of a continuum, with many pyrethroids
exhibiting intermediate properties.

Despite the uncertainty over such a classification,
it has been suggested (Soderlund et al., 2002; Vais
et al., 2003) that, on the basis of electrophysio-
logical properties, there are two distinct binding
sites for pyrethroids on the sodium channel. How-
ever, this would not explain why some pyrethroids
(e.g., fluvalinate and bifenthrin, respectively with
and without an a-cyano group) appear to manifest
intermediate responses in insects, which behavior
might indicate the presence of only a single binding
site. The most likely explanation for the differen-
tial responses of Type I and Type II pyrethroids in
in vitro assays lies in the occurrence of pharmaco-
logically different voltage-gated sodium channels in
insects (see below).

1.4.2. Site of Action

Pyrethroids are recognized for their rapid knock-
down action on insects but are generally poor at
killing them, a fact not fully appreciated for many
years. Measurements of LDs, are usually made 24
and 48 h after treatment, at which times paralyzed
insects are regarded as dead. However, insects often
recover fully, even at higher doses (e.g., 5 x LDsg)
(Bloomquist and Miller, 1985), over the following
few days. In practice, such long-term recovery does
not limit pyrethroid efficacy in the field, as death
occurs by secondary processes including desiccation
and predation.

Pyrethroids are nerve poisons that disrupt nerve
conduction in both invertebrates and vertebrates

Response/action Type |

Type Il

Poisoning symptoms

Electrophysiological response in nerve tissue

Action on sodium-channel function

Level of resistance due to resistant houseflies with
super-kdr mechanism

Rapid onset of symptoms even at
sublethal levels

Hyperactivity often leading to
knockdown

Low kill with high recovery
Inversely related to changes in
temperature

Repetitive discharges in axons

Monophasic and rapid decay of tail
currents

Bind preferentially to closed
channels

Below 100-fold

e Slow onset of symptoms

e Convulsion followed by

paralysis

High kill with low recovery

Little effect of temperature

change

e Blockage of conduction at
synapses

e Biphasic and very slow decay
of tail currents

e Bind preferentially to open
channels

e Over 200-fold
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and their primary site of action is the voltage-gated
sodium channels. However, there is controversy re-
garding the precise mode of action of pyrethroids
and their binding site on the sodium channels.

Much of the work on the mode of action was
reported during the 1980s but investigations on so-
dium channels have continued and a great deal of
progress made. Many in vitro and in vivo investiga-
tions on mode of action and metabolism have been
carried out on mammalian systems because of the
interest in toxicology of these pesticides to mam-
mals including humans and the expertise present
in many laboratories for electrophysiology on mam-
malian neurons and muscles. Experiments have also
used model systems such as squid and crustacean
giant nerve fibers because of their large size and
robustness. However, such studies may not be rele-
vant to insects since there is considerable variation,
not only in the metabolic capacities but also in the
amino-acid sequences of the sodium channel pro-
teins and thus their pharmacological properties. An-
other complication is that, in mammals, several
genes express different sodium-channel isoforms,
which exhibit differential responses to the two
types of pyrethroids (Tatebayashi and Narahashi,
1994; Soderlund et al., 2002). Furthermore, each
gene can express channels (splice variants) with
varying pharmacological and biophysical properties
(Tan et al., 2002). In insects, the voltage-gated sodi-
um channels are encoded by only a single gene,
which can also express splice-variants. Such chan-
nels, though having a common binding site, might
nevertheless exhibit differences in their responses to
pyrethroids. Such differences have been demon-
strated in mammals but not yet in insects, though
there is ample indirect evidence for this (see below).

These different factors give rise to the complex
nature of pyrethroid action and therefore difficulty
in defining in detail the mode of action. Early inves-
tigations into their mode of action were conducted
on insect and mammalian nerve preparations but
the interpretation of these measurements is some-
what controversial. Broad agreement has only been
possible with measurements from sodium channels
(see below) (Soderlund et al., 2002). Thus the sum-
mary presented below is a brief personal overview
of the area.

1.4.2.1.  Investigations based on  nerve
preparations Of the various symptoms induced
by pyrethroids (hyperactivity, tremors, incoordina-
tion, convulsions followed by paralysis and death),
only the initial toxicity symptoms can be linked to
neurophysiological measurements and then only for
Type I pyrethroids. They induce repetitive firing

(short bursts of less than 5s duration) in axonal
nerve preparation in the sensory nerves accompa-
nied by occasional large bursts of action potential
in the ganglia (Nakagawa et al., 1982; Narahashi,
2002; Soderlund et al., 2002). Repetitive firing has
been correlated to hyperactivity and uncoordinat-
ed movements leading to rapid knockdown in
insects. This is also thought to stimulate the neuro-
secretory system causing an excessive release of
diuretic hormones which eventually results in the
disruption of the overall metabolic system in insects
(Naumann, 1990 and references therein). The initial
symptoms are manifested at very low concentra-
tions (0.1-0.001 x LDs), it being estimated that
less than 1% of the sodium channels need to be
modified to induce repetitive firing (Song and
Narahashi, 1996). In contrast, Type II pyrethroids,
even at rather high concentrations, initially cause
much less visible activity in insects, convulsions and
rapid paralysis being the main symptoms. They cause
slow depolarization of nerve membranes leading
to block of nerve conduction. The concentration
required ultimately to kill insects is much lower for
Type II than for Type I compounds.

In general, Type I compounds have been viewed
as more active than Type II in producing both
visible symptoms and repetitive discharges in the
peripheral nerves, though exceptions are known,
especially when considering results from noninsect
nerve preparations. For example, repetitive firing
has been observed for both Type I and Type II
pyrethroids in frog-nerve preparations (Vijverberg
et al., 1986).

The first claimed correlation between a neuro-
physiological response and the poisoning action of
pyrethroids related to the increased production of mi-
niature excitatory postsynaptic potentials (MEPSPs)
in response to depolarization of the nerve terminal
caused by both Type I and Type II compounds
(Salgado et al., 1983a, 1983b; Miller, 1998). This
increase in MEPSPs results in depletion of neuro-
transmitter at the nerve-muscle synapses leading
to nerve depolarization (paralysis) and also block-
age of flight reflex responses. At low threshold
concentrations, Type I pyrethroids induce repetitive
firing and hyperactivity but not neurotransmitter
release so that these processes are not linked to the
toxic action of pyrethroids. These observations
thus accounted for the apparent contradiction that
though initial symptoms of Type I pyrethroids are
positively correlated with temperature, the toxic
action (release of neurotransmitter and conduction
block) is negatively correlated with temperature.
At high concentrations, Type I pyrethroids behave
similarly to Type II pyrethroids and elicit toxic
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symptoms in insects with neurotransmitter release
and neuromuscular block. Thus, Type I pyrethroids
affect the overall sensory nervous system but Type
IIs affect only a specific part. This was elegantly
demonstrated by Salgado et al. (1983a, 1983b),
who showed that deltamethrin applied to the abdo-
men of houseflies took over an hour to reach the
CNS, so that that the knockdown effect seen within
20 min could only be attributed to its action at the
peripheral nervous system. Moreover, flies that had
been knocked down by deltamethrin were able to fly
when thrown in the air because communication
along the CNS between the brain and the flight
system had not yet been disrupted. In contrast,
flies knocked down by Type I pyrethroids cannot
fly when thrown in the air, indicating transmission
block at the motor neurons. This effect can be
reversed by increasing the temperature with Type 1
pyrethroids but not for Type II, in line with the
observed in vivo toxicity symptoms.

1.4.2.2. Investigations based on sodium channels
The most significant advances since 1985 in under-
standing pyrethroid action have been made by the
application of molecular biological approaches
to the functioning of voltage-gated channels. The
ability to introduce specific mutations in the volt-
age-sensitive channels and to measure inter- and
intra-cellular changes (by voltage- and patch-clamp
experiments) has provided conclusive evidence
that the primary target sites for pyrethroids are the
voltage-gated sodium channels. In summary, pyre-
throids interact with the voltage-gated sodium chan-
nels to produce tail currents, which can be used
to quantify the potency of the insecticides, higher
tail-current being associated with higher insecti-
cidal activity (Nishimura and Okimoto, 2001).
This action appears to account for symptoms of
pyrethroid poisoning and actions on the peripheral
and central neurons. The prolongation of these tail-
currents is much longer and the effect is less revers-
ible for Type II pyrethroids than Type 1. The pre-
sumption that Type I and Type II pyrethroids
represent the extremes of a continuum is supported
by the observation that many pyrethroids exhibit an
intermediate response. Thus, deltamethrin (Type II)
and permethrin (Type I) exhibit Hill slopes (an
indicator of the molar binding ratio) of ~2 and ~1,
respectively but bifenthrin exhibits an intermediate
slope of ~1.4 (Khambay et al., 2002). Finally, the
link between single point mutations in sodium
channels and resistance in insects has provided
the most conclusive evidence that the voltage-
gated sodium channels are the primary target for
pyrethroids.

Other measurements on single sodium channels
that confirm their being the primary target for pyre-
throids include the negative temperature coefficient
with toxicity being paralleled by a negative tem-
perature dependence of channel depolarization.
Furthermore, hyperactivity induced by Type I pyre-
throids can be explained by the tail currents exceed-
ing a certain threshold that then triggers repetitive
firing and hyperactivity. Interestingly, it has recently
(Motomura and Narahashi, 2001) been demon-
strated that tetramethrin (44) (Type I) displaces
fenvalerate (Type II) from mammalian sodium chan-
nels, implying that the former has a higher binding
affinity. Also, tetramethrin displaces deltamethrin
in single-channel studies. At first sight, this observa-
tion appears contradictory in that Type II pyre-
throids are significantly more toxic than Type I
pyrethroids in insects. However, the explanation
may lie in the differences between sodium channels
from insects and mammals.

1.4.3. Modeling Studies on Prediction of Putative
Pharmacophores

Sodium channels are lipid-bound trans-membrane
proteins and consequently it is difficult to obtain
their crystal structure, especially with bound
ligands. However, a recent publication (Jiang et al.,
2003) of the crystal structure of the voltage-gated
potassium channel should aid progress. Indirect
techniques involving binding of pyrethroids to the
channel protein (e.g., with photo-reactive and radio-
labelled pyrethroids) have been unsuccessful, pri-
marily due to nonspecific binding to the channel
and adjacent protein. Given these limitations, effort
has been directed at modeling studies.

The “bioactive” conformation has been defined as
that most probable at the binding site, and which is
energetically stable and three-dimensionally similar
to other compounds acting at the same site. Although
ester pyrethroids such as deltamethrin have seven
torsional axes, most conformational studies have
focused on three axes (T2, T3, and T4 in Figure 4)
around the ester linkage. Most studies have investi-
gated common conformations of minimum energy
and correlated them with toxicity/knockdown, over-
all electronic effects, geometric bulk, and partitioning
coefficients (Naumann, 1990 and references therein;
Chuman et al., 2000a, 2000b). A “folded” form
(Figure 4), also referred to as the “clamp” and “horse-
shoe”, was identified as the active conformation.

As an example of the approaches used, Chuman
et al. (2000a, 2000b) chose the nonester pyrethroid
MTI 800 (representative of the most flexible series
of pyrethroids) to identify the possible confor-
mers. By comparison, they then deduced the likely
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Figure 4 Folded and extended conformations of fenvalerate.

common conformations (within 10 kcal/mol of the
ground energy) for the active isomers of pyrethrin I,
deltamethrin, and fenvalerate (representatives of
each of the three other main series of pyrethroids).
To define the bioactive conformer, they also con-
sidered a further seven pyrethroid structures, both
active and inactive. Similarity/dissimilarity searches
using Cosine and Tanimoto coefficients together
with superimposition considerations indicated the
folded form as the common bioactive conformation
for all four types of pyrethroids.

For deltamethrin (a cyclopropane ester), this bio-
active folded conformation is close to minimum
energy, and is similar to that both of the crystal
structure and as observed in solution by NMR
(under certain conditions). However, for fenvalerate
(not containing a cyclopropane acid moiety), the ex-
tended form (Figure 4) has lower minimum energy
than the bioactive folded conformation.

However, another recent study appears to con-
tradict the above findings. Using new computa-
tional methodologies based on cluster analysis of
molecular dynamics trajectories, Ford et al. (2002)
proposed an “extended” conformation for the lethal
action of both Type I and Type II pyrethroids, which
would also account for the negative temperature
coefficient. For knockdown activity (Type I com-
pounds only), he proposed a different higher-energy
conformation which is not accessible to Type II pyre-
throids. Not being a minimum-energy conformation,
this would be transient in nature, and would occur

with a higher probability at elevated temperatures
(i.e., positive temperature correlation with knock-
down activity). Once again the key torsion angles,
T2 and T4, lie around the ester bond, T3 being invari-
ant throughout the dynamics simulations undertaken
in this study.

1.5. Resistance to Pyrethroids

Under selection from repeated sprays of insecticides,
individuals possessing biochemical mechanisms that
can detoxify the insecticide more rapidly or are less
sensitive to it are likely to be favoured. These resis-
tant insects survive doses that would kill normally
sensitive individuals. Genes encoding these mechan-
isms will then be passed on to the succeeding gen-
erations, resulting in pest populations that are not
controlled effectively. This can lead to farmers in-
creasing the rate or frequency of applications,
imposing further selection pressure and ultimately
leading to a situation whereby the pests become
totally immune. Removal of selection pressure may
result in the pest populations regaining some degree
of sensitivity, particularly if there is a fitness cost to
resistance such as longer development times or re-
duced over-wintering ability. Usually, however, the
population never regains the degree of sensitivity of
the naive population, and often there appears to be
little fitness cost so that high numbers of resistant
pests remain in the population. Pesticide resistance
has occurred with all insecticides; the existence
of resistance mechanisms common to pyrethroids
and other older insecticides meant that onset of
resistance to the new compounds was quite rapid.
Many factors, in particular the type of crop and
the history of insecticide use, can affect the selection
and dominance of resistance mechanism(s) within
an insect species. In addition, the relative impor-
tance of these mechanisms can change over time
(Gunning et al., 1991). Thus, management of resis-
tance requires knowledge of the mechanism(s)
present and ideally also their relative contribution.
Though the nature of the resistance mechanisms can
be identified relatively straightforwardly, there are,
as yet, no established methods for predicting their
relative importance in field strains of resistant
insects. Such prediction requires a multidisciplin-
ary approach based on both in vivo and in vitro
assays. The concept of using novel selective inhibi-
tors, designed using structure—activity investigations
and ideally devoid of insecticidal activity, could
prove particularly useful in determining the bio-
chemical mechanism(s) responsible for resistance.
The design of such inhibitors will need to take
into consideration the variations in specificities of
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metabolic enzymes amongst insect species. A greater
input from chemists would be a key factor in such
investigations.

There are three main mechanisms by which
insects become less sensitive to pesticides: increased
detoxification (“metabolic resistance”), reduced
penetration, and target-site resistance. For many
pests, the most important resistance mechanism for
pyrethroids is considered to be site insensitivity,
often referred to as knockdown resistance (kdr),
caused by the inheritance of point mutations in the
para-type sodium channel which is the target-site of
the pyrethroids. The principal mechanisms of de-
toxification are esteratic cleavage of the ester bond
and oxidative mechanisms catalysed by cytochrome
P450. The other common mechanism of xenobiotic
detoxification, dealkylation catalysed by glutathione-
S-transferases (GSTs), is of lesser importance. Also,
reduction in cuticular penetration and/or increased
excretion has long been recognized as a resistance
mechanism, though its contribution is likely to be
as a modifier of metabolic or target-site resistance
rather than as a major mechanism in its own right.

Advances in molecular techniques have led to the
development of simple and efficient diagnostic kits
for the detection of kdr resistance. Only a limited
amount of work has been done to develop tests for
resistance caused by metabolic enzyme(s), for which
synergists are commonly used to detect their pres-
ence. The biggest problem currently is that the estab-
lished inhibitors (e.g., piperonyl butoxide, PBO)
are not specific and thus may give unreliable results.
For example, PBO has been shown to inhibit both
cytochrome P450 monooxygenases and esterases in
Australian H. armigera (Gunning et al., 1998a).

When present, the site-insensitivity (kdr and espe-
cially super-kdr) mechanisms often predominate,
although populations of pests frequently have mul-
tiple resistance mechanisms. The situation regarding
the two principal metabolic mechanisms is much
less clear and the relative importance of esterase
or oxidative mechanisms may vary between species
or even between populations of the same species.

Details of the resistance mechanisms and their
management in the field are discussed in the follow-
ing sections.

1.5.1. Resistance Mechanisms

1.5.1.1. Metabolic resistance

1.5.1.1.1. Metabolism of pyrethroids in insects
The principal metabolic pathways by which pyre-
throids are degraded in insects were mostly evalu-
ated prior to 1985 and are summarized in Roberts
and Hutson (1999). Metabolism is conveniently

divided into two phases: the initial biotransforma-
tion of a pesticide is referred to as Phase I metabo-
lism, comprising mainly oxidative, reductive, and
hydrolytic processes; Phase II metabolism is bio-
transformation, in which the pesticide or Phase I
metabolite is conjugated with a naturally occurring
compound such as a sugar, sugar acid, glutathione,
or an amino acid. In general, the major Phase I
degradative routes in insects and other animals
(mostly mammals and birds) are similar. It is only
in the details of their Phase II reactions whereby
polar conjugates with sugars or amino acids are
formed that there are major qualitative differences
in the nature of the metabolites. As degradation
studies on insects are not required for the registration
of insecticides, such studies are usually only under-
taken in order to understand specific questions
concerning structure—activity relationships or to eval-
uate problems associated with resistance caused by
enhanced metabolic breakdown. It is the latter rea-
son that has seen the majority of insect metabolism
studies performed.

Since 19835 there has been a vast increase in the
knowledge of insect molecular genetics. The publi-
cation of the draft genome sequences for the fruit fly
Drosopbila melanogaster in 2000 and the mosquito
Anopbheles gambiae in 2002 has greatly increased
the knowledge of the enzymes involved in metabolic
degradation, particularly cytochromes P450. Con-
sequently, recent research is beginning to make
inroads into understanding which of the isozymes
of cytochrome P450 are responsible for metaboliz-
ing different substructures of the pyrethroid mole-
cule. The situation with respect to the nature of the
carboxyesterases responsible for catalysing the hy-
drolysis of the pyrethroid ester bond is less clear and
the carboxyesterases that catalyze the hydrolysis of
pyrethroids in different species of insects may be
different and nonhomologous.

Insects detoxify pyrethroids at varying rates and
this degradative metabolism is important in under-
standing the detailed toxicology. Indeed, part of the
relatively modest insecticidal activity of the natural
pyrethrins is attributable to their rapid metabolic
breakdown. Consequently, household sprays are
usually formulated with synergists that inhibit the
enzymes that catalyze this metabolic degradation
and thereby enhance the insecticidal activity. Selec-
tion of insect strains possessing elevated levels
of catabolizing enzymes is also an important mech-
anism in the development of decreased sensitivity
(resistance) toward pyrethroids. There are two
principal routes of detoxification of pyrethroids in
insects: de-esterification catalysed by both esterases
and cytochromes P450, and the hydroxylation of
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aromatic rings or methyl groups by cytochromes
P450, and these two mechanisms will be considered
separately. The points of the chemical structure
where a generalized 3-phenoxybenzyl pyrethroid
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Figure 5 Points of metabolic attack in a generalized pyrethroid
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molecule is detoxified are shown in Figure 5. The
width of the arrow indicates the approximate extent
of metabolic attack. It is in the detailed enzymology
and molecular biology of the enzymes responsible
for pyrethroid metabolism where there have been
the most important advances.

1.5.1.1.2. Metabolic pathways The most complete
analysis of the metabolic pathways of pyrethroid
degradation in insects has been by Shono (Shono
et al., 1978; reviewed by Soderlund et al., 1983),
who studied the metabolism of permethrin
in American cockroaches (Periplaneta americana),
houseflies (Musca domestica), and caterpillars
(Trichoplusia ni). Forty-two metabolites (including
conjugates) were identified, and the most important
Phase 1 metabolites are shown in Figure 6. Metabo-
lism occurred by ester cleavage to 3-phenoxybenzyl
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Figure 6 Metabolites from oxidative attack on permethrin (structures 45-54).
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alcohol (3-PBA) (45) and 3-(2,2-dichlorovinyl)-2,2-
dimethylcyclopropanecarboxylic acid (DCVA) (46).
Hydroxylation also occurred at the 4'- and 6-
positions of the phenoxybenzyl moiety and the cis
or trans methyl groups of the DCVA moiety to give
(47), (48), and (49) respectively. Hydroxylation
of the trans-methyl group rather than the cis- was
preferred. Ester cleavage of these hydroxylated
metabolites gave the structures (50), (51), and (52)
respectively. 3-PBA (50) was further oxidized to 3-
phenoxybenzoic acid (53), as were the hydroxylated
analogs of 3-PBA to their analogous benzoic acids.

A similar pattern of Phase I metabolites was
observed with both cis- and #rans-permethrin,
although the relative proportion of certain of the
conjugated structures was influenced by the stereo-
chemistry. All metabolites found in the cockroach
were also found in houseflies but the series of meta-
bolites arising from the 6-hydroxylation of the 3-
PBA moiety was only found in flies. Metabolites
consisting of the whole hydroxylated molecule
(e.g., (47), (48), and (49)) were exclusively found
as their glucosides, whereas the ester cleavage pro-
ducts were found both free and as their glucoside
and amino acid conjugates. All three insects conju-
gated DCVA with one or more of the amino acids
glycine, glutamic acid, glutamine, and serine, in
addition to forming glucose esters. This study did
not identify the 2’-hydroxylated metabolite (54), a
significant metabolite in mammalian studies. How-
ever, this metabolite and compounds derived from it
were identified in a study of the metabolism of
permethrin by the American bollworm Helicoverpa
zea, the tobacco budworm Heliothis virescens
(Lepidoptera, Noctuidae) (Bigley and Plapp, 1978)
and the Colorado potato beetle, Leptinotarsa
decemlineata (Soderlund et al., 1987), in which it
was the principal metabolite. Other later studies
have confirmed this overall pattern in different
insects, although some studies have shown more
differences in the pattern of metabolites between
cis- and frans-permethrin isomers.

Holden (1979) showed that trans-permethrin was
ester-cleaved at a higher rate than the cis-isomer
in P. americana, an observation consistent with the
findings that the #rams-isomers of cyclopropane-
containing pyrethroids are much better substrates
for esterases than the cis-isomers (see below). This
pattern of permethrin metabolism by insects can be
taken as a template for the breakdown of other
pyrethroids comprising esters of 2,2-dimethyl-
3-(substituted)vinylcarboxylic acid with 3-PBA.
Thus, the principal mechanisms of Phase I metab-
olism involve ester cleavage, both hydrolytic and
oxidative, and aromatic substitution of one or

(85) (56)

OR

o
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Figure 7 Metabolites from oxidative attack on the chry-
santhemic acid moiety of allethrin (structures 55-57).

other of the 3-PBA rings (the 4'-position is usually
the major site) and the 2,2-dimethyl group of the
acid moiety. Analogous reactions have been shown
to take place with bifenthrin and deltamethrin in
the bulb mite Rhizoglyphus robini to give the ester-
cleaved products and the 4'-hydroxy metabolites
(Ruzo et al., 1988). Similarly, trans-cypermethrin
gave trans-DCVA and both 2'- and 4'-hydroxy-
cypermethrin in the cotton bollworm Helicoverpa
armigera and in H. virescens (Lepidoptera) (Lee
et al., 1989). Fenvalerate, which lacks a cyclopropyl
group, was metabolized via ester cleavage and 4'-
hydroxylation in houseflies (Funaki et al., 1994). In
pyrethroids containing the chrysanthemic acid moiety
(rather than a 2,2-dimethyl-3-dihalovinylcarboxylic
acid), such as allethrin, phenothrin, and tetramethrin,
the methyl groups of the isobutylene group are also
subject to oxidative attack. Hydroxylation of these
groups in allethrin to the alcohol (55) (Figure 7),
followed by successive oxidation to the aldehyde
(56) and carboxylic acid (57), occurred in houseflies
(Yamamoto et al., 1969). Tetramethrin was mainly
metabolized via ester cleavage, with the production of
the carboxyl derivative (57) of the trans-methyl group
as a minor product (Yamamoto and Casida, 1968).

1.5.1.1.3. Ester bydrolysis  All pyrethroids with the
exception of the nonester compounds, such as
MTI 800 which has a hydrocarbon linkage between
the “acid” and “alcohol” moieties, are subject to
esterase-catalyzed breakdown. Even etofenprox,
which has an ether linkage in this position, is cleaved
via oxidation of the benzylic carbon and hydrolysis of
the resultant ester in the rat (Roberts and Hutson,
1999). The stereochemistry of the cyclopropanecar-
boxylic acid is important in determining the rate of
esteratic detoxification, since the frams-isomers are
very much better substrates for esterases than are the
cis-isomers (Soderlund and Casida, 1977). Indeed,
cis-pyrethroids possessing an a-cyano group (Type 11
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pyrethroids) and consequently a secondary ester are
generally degraded via a microsomal P450 mecha-
nism through oxidation of the a-carbon. Evidence
from work with mammalian liver indicates that the
esterases responsible for pyrethroid hydrolysis are
also microsomal (Soderlund and Casida, 1977). This
study also showed that the Type II pyrethroids cyper-
methrin and deltamethrin were the least susceptible
to both esterase-catalysed hydrolysis and oxidation.
Generally, the major route of Type II pyrethroid
metabolism in mammals is via de-esterification cata-
lysed by microsomal oxidases (e.g., Crawford and
Hutson, 1977). Studies on insects have also concluded
that ester cleavage is often mainly by an oxidative
mechanism (Casida and Ruzo, 1980; Funaki et al.,
1994). The latter study concluded that the de-esterifi-
cation of fenvalerate by pyrethroid-resistant house-
flies was principally due to over-expression of
cytochromes P450; only a small portion of the ester
bond cleavage was caused by hydrolases.

Whether the ester cleavage is hydrolytic or oxi-
dative is apparently largely dependent on the
species. For example, T. ni (Ishaaya and Casida,
1980), S. littoralis, (Ishaaya et al., 1983), S. eridana
(Abdelaal and Soderlund, 1980) (Lepidoptera), and
B. tabaci (Jao and Casida, 1974; Ishaaya er al.,
1987) (Hemiptera) all degraded #rans-pyrethroids
via a hydrolytic mechanism. Conversely, houseflies
(Diptera) and the rust-red flour beetle Tribolium
castaneum (Coleoptera) used an oxidative pathway
(Ishaaya et al., 1987). A rather special case is
that of the green lacewing Chrysoperla carnea agg.
(Neuroptera), which is highly resistant to pyre-
throids. This insect has been shown to contain high
levels of a pyrethroid-hydrolyzing esterase that is
able to catalyze the hydrolysis of cis-isomers, includ-
ing those of Type II ester pyrethroids such as cyper-
methrin (Ishaaya and Casida, 1981; Ishaaya, 1993).
How the over-production of esterases induces resis-
tance to cis-pyrethroids such as deltamethrin, which
are poor substrates for the enzyme(s) from other
species, has been the cause of some conjecture.
Devonshire and Moores (1989) presented evidence
that cis-pyrethroids bind tightly to the active site
and are thus sequestered by the large amounts of
the resistance-associated esterases (E4 and FE4) pro-
duced by resistant peach-potato aphids M. persicae.
Consequently, deltamethrin acts as a competitive
inhibitor of esterase activity but is removed by bind-
ing to the protein rather than by hydrolysis. Selec-
tion pressure, whether artificially or from frequent
commercial use of pyrethroids, frequently leads to
multifactorial mechanisms of insecticide resistance,
including esterases, cytochromes P450, target-site
(kdr and super-kdr) mechanisms, and sometimes

reduced penetration (e.g., Anspaugh et al., 1994;
Pap and Toth, 1995; Ottea et al., 2000; Liu and
Pridgeon, 2002). Such insect strains have extremely
high resistance and usually show some degree of
cross-resistance to all pyrethroids.

Most insect esterases that catalyze the hydrolysis
of pyrethroid esters are soluble nonspecific B-type
carboxylesterases. These have a wide substrate-
specificity and model substrates, such as 1-naphthyl
acetate, have been used to visualize electrophoreti-
cally distinct protein bands in B. tabaci (Byrne et al.,
2000) and many other insect species. There is little
information to date on the occurrence of microsomal
esterases in insects analogous to those in mammals
(e.g., Prabhakaran and Kamble, 1996). Most evi-
dence for the involvement of esterases in pyrethroid
breakdown is indirect and has used model substrates;
however, direct evidence for pyrethroid hydrolysis
has been obtained for esterases from several species,
including the horn fly Haematobia irritans (Diptera)
(Pruett et al., 2001). Concern has been raised of
the validity of using model substrates to predict the
breakdown of pyrethroids, and consequently some
researchers have designed model substrates with
pyrethroid-like structures. Thus, Shan and Hammock
(2001) developed sensitive fluorogenic substrates
based on DCVA coupled to the cyanohydrin of
6-methoxynaphthalene-2-carboxaldehyde. Hydroly-
sis of this ester and decomposition of the cyanohydrin
regenerates this fluorescent aldehyde. An enzyme
preparation that used this substrate from a cyper-
methrin-selected resistant strain of H. virescens
(Lepidoptera) gave better selectivity (x5) than did
1-naphthyl acetate (x1.4). A similar approach, but
using 1-naphthyl esters of the four stereoisomers
of DCVA with detection of released 1-naphthol by
diazo-coupling to Fast Blue RR, has been reported
(Moores et al., 2002). In these experiments, only the
(1S)-trans-isomer acted as a substrate for aphid
esterases, in agreement with other experiments on
the stereospecificity of insect pyrethroid esterases. Ac-
tivity staining of electrophoretic gels using this novel
substrate showed that the pyrethroid-hydrolyzing
activity was distinct from the resistance-associated
esterases visualized with 1-naphthyl acetate, indi-
cating that the main mechanism for resistance was
binding/sequestration rather than hydrolysis.

Work since 1985 has concentrated on under-
standing the nature of the esterases responsible for
pyrethroid hydrolysis. In vivo studies have often
yielded equivocal results and, using such tools as
specific inhibitors of oxidative or hydrolytic metab-
olism, it has frequently been difficult to prove which
mechanism is primarily responsible for pyrethroid
catabolism. These problems have arisen in part
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because there is no such thing as a specific inhibitor
and some compounds thought to be specific inhi-
bitors of cytochromes P450 (e.g., piperonyl butox-
ide) may also inhibit esterases (Gunning et al.,
1998b; Moores et al., 2002).

Studies have included both in vivo work on
whole insects or their tissues and in vitro studies
with isolated enzymes. In resistant populations
of many insect species, the mechanisms are most
frequently due to both enhanced esterase and cyto-
chrome P450 levels, so that dissection of the pro-
portions of the different mechanisms is difficult.
However, evidence that resistance ratios are reduced
or abolished in the presence of reliably specific
inhibitors such as organophosphates (Gunning
et al., 1999; Corbel et al., 2003) can be taken as a
good indication that enhanced esterase levels are
responsible for metabolic resistance.

1.5.1.1.4. Cytochrome P450 monooxygenases
These are a class of Phase I detoxification enzymes
that catalyse various NADPH- and ATP-dependent
oxidations, dealkylations, and dehydrogenations.
Both microsomal and mitochondrial forms occur
in insects. They are probably responsible for the
most frequent type of metabolism-based insecticide
resistance (Oppenoorth, 1985; Mullin and Scott,
1992; Scott and Wen, 2001). They are also a major
mechanism for pyrethroid catabolism (Tomita and
Scott, 1995). Their occurrence and importance
in insect xenobiotic metabolism has been reviewed
by Scott and Wen (2001). The super-family of
cytochrome P450 genes has probably evolved by
gene duplication and adaptive diversification, and
comprises 86 functional genes in D. melanogaster.
The large number of substrates metabolized by
P450s is due both to the multiple isoforms and to
the fact that each P450 may have several substrates
(Rendic and DiCarlo, 1997). Because these enzymes
may have overlapping substrate specificities, it is
difficult to ascribe the function to individual P450
enzymes. In insects, although the importance of
oxygenases in the metabolism of many substrates is
known, the particular P450 isoforms involved have
rarely been identified.

Several P450 iso-enzymes have been isolated or
expressed from insect sources. Regarding pyrethroid
metabolism, the best-characterized P450 isoform is
CYP6D1. This was originally purified from a strain
of highly resistant (ca. x5000) houseflies designated
“Learn pyrethroid resistant” (LPR) selected by
the continuous usage of permethrin to control flies
in a New York State dairy. A reduced-penetration
mechanism and kdr were also present in the strain.
CYP6D1 has been purified (Wheelock and Scott,

1989) and sequenced via the use of degenerate pri-
mers derived from known protein sequences and
PCR amplification (Tomita and Scott, 1995). Over-
production of this P450 isozyme was found to be the
major mechanism of deltamethrin detoxification in
microsomes derived from the LPR flies (Wheelock
and Scott, 1992). The enzyme requires cytochrome b$
as a co-factor and is specific in its action, because
only the 4’-hydroxy metabolite was produced from
cypermethrin (Zhang and Scott, 1996). CYP6D1
was found to be the major and possibly the only
P450 isoform responsible for pyrethroid metabo-
lism in this strain of houseflies; consequently, the
resistance ratios are very much less for pyrethroids
such as fenfluthrin that do not have the 3-phenox-
ybenzyl group (Scott and Georghiou, 1986). The
same mechanism was found to be responsible for
PBO suppressible resistance to permethrin from a
Georgia poultry farm in the USA (Kasai and Scott,
2000). In both these housefly strains, the mechanism
was due to an increased (ca. x10) transcription of
the gene, leading to increased levels of CYP6D1
mRNA and higher levels of the enzyme. CYP6D1
is expressed in the insect nervous system and has
been shown to protect the tissue from the effects of
cypermethrin (Korytko and Scott, 1998). Clearly,
from the metabolic specificity of CYP6D1, other
isoforms of cytochromes P450 must also be impli-
cated in pyrethroid metabolism, although which
reactions are catalyzed by which isoform has yet to
be determined.

It is characteristic of monooxygenases that they
are inducible within an individual animal. The use
of phenobarbitone to induce monooxygenase activ-
ity in rat liver is well known, and many other agents
are capable of transiently up-regulating cyto-
chromes P450. Phytophagous insects are exposed
to many plant xenobiotics, for example monoter-
penes which also induce P450 production. Such
induction of P450s may incidentally induce an iso-
form also capable of metabolizing pyrethroids. For
example, feeding larvae of H. armigera on mint
(Mentha piperita) leaves induced a 4 x resistance to
pyrethroids compared with those fed on a semi-
defined diet (Hoque, 1984; Terriere, 1984; Schuler,
1996; Scott et al., 1998). CYP6B2 mRNA, a P450
isoform also implicated in pyrethroid resistance,
is inducible by peppermint oil and specifically -
pinene in larvae of H. armigera (Ranasinghe et al.,
1997). This induction was rapid (ca. 4h) and dis-
appeared within a similar period of removing the
stimulus. Clearly, the mechanism for the transient
induction of P450s (Ramana, 1998) is different
from the situation with the LPR houseflies, in which
CYPD1 is permanently up-regulated (Liu and Scott,
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1998), although the precise mechanistic details
still remain to be elucidated. In nonphytophagous
arthropods for example the cattle tick Boophilus
microplus which is not subjected to a barrage of
allelochemicals in its diet, P450s were found to be
of little importance in the induction of resistance to
pyrethroids (Crampton et al., 1999), although the
converse has been found for adults of the mosquito
Culex quinquefasciatus (Kasai et al., 1998).

1.5.1.1.5. Model substrates When managing in-
secticide resistance, it is important that resistant
alleles can be detected at low frequency in popula-
tions. Data from bioassays will only detect a quite
high proportion of individuals with reduced sensi-
tivity in the population. Consequently, it is useful to
design biochemical or DNA (molecular) tests that
can identify resistance in individual insects. Thus,
model substrates commonly used to measure P450
levels in vitro need to be substrates of the relevant
P450 isoforms that degrade the insecticide. Amongst
such model substrates are the sensitive fluorogenic
reagents 7-ethoxycoumarin, ethoxyresorufin, and
methoxyresorufin, and the chromogenic substrate
4-nitroanisole. These compounds are dealkylated by
monooxygenases to yield a fluorescent or colored
product. Unfortunately, it has generally been found
that these substrates are also isozyme specific,
so that they may not be good indicators of
P450-induced pyrethroid resistance. In the case of
CYP6D1, methoxyresorufin was found to be a sub-
strate, but ethoxyresorufin and 7-ethoxycoumarin
were not (Wheelock and Scott, 1992). A similar
variation in the activity of elevated oxygenases to
4-nitroanisole, benzo(a)pyrene, benzphetamine, and
methoxyresorufin in the mid-gut of a multi-resistant
(cypermethrin and thiodicarb) strain of H. virescens
larvae was noted (Rose et al., 1995). In this strain,
demethylation rates of both 4-nitroanisole and
methoxyresorufin were useful as indicators of insec-
ticide resistance; however, on such multi-resistant
strains, several P450 isoforms are probably elevated
in tandem making comparisons difficult. Conse-
quently, the use of model substrates to estimate the
levels of P450 monooxygenases in individual insects
may only give equivocal information on levels of
P450-derived metabolic resistance to pyrethroids.

1.5.1.1.6.  Glutathione-S-transferases  (GSTs)
GSTs are important in the detoxification of organo-
phosphorus insecticides and other electrophilic
compounds, which are dealkylated and conjugated
with glutathione. Pyrethroids are not electrophilic
and would not be expected to be detoxified by this
mechanism. However, there are several reports that

have correlated enhanced levels of GSTs with pyre-
throid resistance in a number of species, S. littoralis
(Lagadic et al., 1993), T. castaneum (Reidy et al.,
1990), and Aedes aegypti (Grant and Matsumura,
1989). Additionally, pyrethroids have been shown
to induce production of GSTs in the honeybee Apis-
mellifera (Yu et al., 1984), fall armyworm Spodop-
tera frugiperda (Punzo, 1993), and German
cockroach Blatella germanica (Hemingway et al.,
1993). The role of the glutathione-S-transferase sys-
tem as a mechanism of defence against pyrethroids
is not fully understood, but it is thought that GST
proteins sequester the pyrethroids (Kostaropoulos
et al., 2001) or possibly protect the tissues from
pyrethroid-induced lipid peroxidation (Vontas et al.,
2001).

1.5.1.2. Cuticle penetration As a resistance mech-
anism, reduced penetration of the insect cuticle has
been studied less and has generally been considered
of subordinate importance to enhanced detoxifica-
tion and target-site mutations. Where detected, it is
usually found with other mechanisms, e.g., the
“LPR strain” of houseflies referred to above. Re-
duced cuticular penetration of pyrethroids has been
detected in resistant strains of a number of other
species, including H. armigera (Gunning et al.,
1991), H. zea (AbdElghafar and Knowles, 1996),
H. virescens (Little et al., 1989), S. exigua (Delorme
et al., 1988), the diamond-back moth Plutella xylos-
tella (Noppun et al., 1989), B. germanica (Wu et al.,
1998), and B. microplus (Schnitzerling et al., 1983).
In all these cases, reduced cuticular penetration was
found in addition to other resistance mechanisms,
enhanced metabolism, and/or target-site resistance
(kdr). Mechanisms involving reduced uptake appear
not to give significant resistance to the lethal effects
of insecticides but provide a more than additive
effect when combined with other mechanisms.
Thus, decreased penetration, although a minor fac-
tor on its own, can, when coupled with other
mechanisms, increase resistance many-fold (Ahmad
and McCaffery, 1999).

1.5.1.3. Target-site resistance Target-site resis-
tance is the most important mechanism of pyre-
throid resistance and its selection and spread have
compromised the use of pyrethroid insecticides on
many insect pests. It is a particularly important
mechanism of pyrethroid resistance, as it confers
a degree of loss of sensitivity to all members of
the class. It is characterized by a reduction in the
sensitivity of the insect nervous system and has been
termed “knockdown resistance” or kdr (Sawicki,
1985). The kdr trait was first identified in the
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early 1950s in houseflies (Busvine, 1951). It causes a
loss of sensitivity to DDT and its analogs, and
to pyrethrins and pyrethroids, which all owe their
activity to interaction with the para-type voltage-
gated sodium channel in nerve membranes. This
loss of activity is characterized by a reduction in
the binding of these insecticides to the sodium chan-
nel (Pauron et al., 1989). An enhanced form of this
resistance termed super-kdr has also been character-
ized in houseflies (Sawicki, 1978). Both the kdr and
super-kdr traits were mapped to chromosome 3 and
found to occupy the same allele, the para-type sodi-
um channel. This has been confirmed by molecular
cloning studies of these channels in kdr and super-
kdr houseflies (Williamson et al., 1996) and kdr
B. germanica (Miyazaki et al., 1996; Dong, 1997).
The super-kdr resistance in houseflies is due to a
methionine to threonine (M918T) point mutation
in the gene encoding the para sodium channel.
Both mutations were located with domain II of the
ion channel. The L1014F mutation in IIS6 was
found in both housefly and cockroach strains, and
confers kdr resistance. To date, the M918T mutation
has not been detected as a single substitution in any
housefly strain, but only occurs in conjunction with
L1014F. Mammals are intrinsically much less sus-
ceptible to pyrethroids and DDT. Significantly,
mammalian neuronal sodium channels have an iso-
leucine rather than methionine in the position (874)
that corresponds to the housefly super-kdr site (918).
Site-directed mutation of this residue to methionine
gives rise to a channel with >100x increased sensi-
tivity to deltamethrin, suggesting that differential
pyrethroid sensitivity between mammals and insects
may be due in part to structural differences between
the mammalian and insect sodium channels (Vais
et al., 2000). In some insect species, the existence
of kdr-type target-site resistance has often been
masked by efficient metabolic resistance mechan-
isms; an example is M. persicae, in which resis-
tance-associated esterase is responsible for much of
the reduced sensitivity towards organophosphates,
carbamates, and pyrethroids. Any inference that
target-site resistance might also be a factor has usu-
ally been based on the sensitivity of the insects in
the presence of synergists such as PBO or DEF §,S.S,-
tributyl phosphorotrithiolate, and the assumption
that any residual decreased sensitivity is due to
kdr-type target-site resistance.

Use of degenerate DNA primers for the para-type
sodium channel and sequencing of the gene have
resulted in the unequivocal identification of resis-
tance-inducing mutations in the trans-membrane
domain II (Martinez-Torres et al., 1999b) of
the channel in M. persicae, in which a leucine to

phenylalanine (L1014F) mutation associated with
kdr was identified. Insects containing this mutation
could also be identified by the use of a discriminating
dose of DDT, as DDT is unaffected by the enhanced-
esterase mechanisms also present in most of the
aphid clones. Indeed, of 58 aphid clones analysed
for both kdr- and esterase-based mechanisms, only
four contained an esterase (E4) mutation and not
kdr. Estimates for resistance factors in aphids con-
taining both mechanisms are 150-540-fold,
in comparison to 3-4-fold (FE4 esterase alone) or
35-fold for kdr alone. Consequently, these dual-
resistance mechanisms afford a level of decreased
sensitivity whereby insects become totally immune
to field dosages of pyrethroids. Similar kdr muta-
tions have also been detected in cockroaches
(Miyazaki et al., 1996; Dong, 1997), H. irritans
(Guerrero et al., 1997), P. xylostella (Schuler et al.,
1998), and An. gambiae (Martinez-Torres et al.,
1998). In a pyrethroid-resistant strain of the tobacco
budworm H. virescens, the same locus was mutated
to histidine rather than phenylalanine (Park and
Taylor, 1997)

As with metabolic resistance mechanisms, it is
important to establish methods that can identify
sodium-channel kdr-type mechanisms in single
insects so that it is possible to adjust insect-control
methods. The kdr-mutation of nerve insensitivity
was originally identified by electrophysiology, and
this method still remains a fundamental way of
confirming nerve insensitivity. However, it is a
specialized and rather cumbersome technique that
is out of the question when attempting to test large
numbers of an agricultural pest species. The DDT
bioassay using a discriminating dose remains a use-
ful method but may not completely discriminate
between homozygous and heterozygous individuals.
The most useful technique has been direct diagnosis
of the mutation(s) based on PCR amplification and
sequencing. The identification of the L1014F muta-
tion in knockdown-resistant housefly strains has led
to the development of several diagnostic assays for
its occurrence in other species, including H. irritans
(Guerrero et al., 1997), the mosquitoes An. gambiae
(Martinez-Torres et al., 1998), and Culex pipiens
(Martinez-Torres et al., 1999a), as well as M. persi-
cae. However, this technique will only identify
known mutations and the test designed to detect
L1014F in An. gambiae (Ranson et al., 2000) did
not detect the additional 1.1014S.

The molecular biology of knockdown resistance
to pyrethroids has been reviewed (Soderlund and
Knipple, 2003). Sequencing of the para-sodium
channel gene from several arthropod species has
led to the discovery of a number of amino-acid
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polymorphisms in the protein. Of the 20 amino-acid
polymorphisms each uniquely associated with pyre-
throid resistance, those occurring at four sites have
so far been found as single mutations in resistant
populations. These are valine 410 (V410M in H. vir-
escens; Park et al., 1997), methionine 918 (M918V
in B. tabaci; Morin et al., 2002), leucine 1014
(L1014F in several species; L1014H in H. virescens;
Park and Taylor, 1997; L1014S in C. pipiens;
Martinez-Torres et al., 1999a), An. gambiae (Ranson
et al., 2000), and phenylalanine 1538 (F538I, in
B. microplus; He et al., 1999). All these sites have
been located on trans-membrane regions of the
channel and it is inferred that they are close to
the binding site(s) of pyrethroids and DDT.
Additionally, other polymorphisms have been
found that only occur in the presence of L1014F
and appear to act in a similar way to M918T in
houseflies, causing enhanced resistance.

1.5.2. Resistance to Pyrethroids in the Field

The main cause of development of resistance in
insects in the field is a persistent and high selection
pressure as a consequence of repeated applications
of a single class of insecticide (or another with the
same mode of action). Therefore, despite effective
control in the initial stages, a small number of sur-
vivors with innate resistance then rapidly multiply
until control fails. In this regard, pyrethroids are
no different from other insecticide classes. It is note-
worthy that it was the development of resistance to
pyrethroids that first prompted companies to take
resistance seriously and to take joint action. Pyre-
throids suffered an inherent disadvantage at the
outset in that kdr also confers resistance to DDT,
and prior use of DDT had already selected kdr
alleles to significant levels in the same pests. Pres-
ently over 80 species have developed resistance to
pyrethroids (Whalon et al., 2003).

Until the late 1970s, the major agrochemical com-
panies had seen the development of resistance to
established classes as commercially beneficial and
motivation for the introduction of new classes.
However, the increasing cost of discovery, together
with the realization that pyrethroids could be ren-
dered ineffective in the field within a much shorter
period of time than other classes of insecticides,
forced them to take collective action. In 1979 they
set up the Pyrethroid Efficacy Group (PEG), which
in 1984 become a sub-group of a larger internation-
al organization called the Insecticide Resistance
Action Committee (IRAC). This group communi-
cates its actions through a website (http://www.
irac-online.org) and also sponsors the biannual
Resistant Pest Management newsletter. Before the

establishment of PEG, the investigation of resistance
mechanisms and their consequences had remained
the domain of academic research, and the develop-
ment of resistance to pyrethroids was largely over-
looked and even denied by some companies. The
primary aim of PEG was to prolong the effectiveness
of pyrethroids in the field. It encouraged and
assisted in the investigation of all aspects of resis-
tance to pyrethroids and particularly the develop-
ment and implementation of insecticide-resistance
management (IRM) strategies.

Persistent selection with a single class of insec-
ticide will invariably lead to resistance, even if
synergists are used. Therefore the overall aim is to
minimize use of any single insecticide class so as
to limit selection pressure and thereby conserve sus-
ceptibility in pest insects. This requires an in-depth
knowledge of factors ranging from resistance
mechanisms to genetic and ecological attributes of
both pest and beneficial insects. Any strategy has
also to integrate the judicious use of different insec-
ticide types (namely those with different modes of
action and synergy where possible) with other pest-
management options (e.g., agronomic practices),
together with regular monitoring of both the levels
of resistance and the nature of the resistance mechan-
isms. Finally, the key requirement for the success
of any strategy is the cooperation of the growers. By
way of example, two IRM strategies are considered
below which encompass these factors.

The first successful and the most publicized IRM
strategy came from Australia. Synthetic pyrethroids
were introduced in Australia in 1977 when there
was already widespread resistance to virtually all es-
tablished classes. However, within six years of in-
troduction, resistance to these pyrethroids had also
developed in commercially important insect species
(Forrester et al., 1993). A resistance-management
strategy for H. armigera was implemented in the
1983/4 season. A different approach was used for
each class of insecticide, depending on the severity
of the resistance risk and predicted selection
pressure. It integrated the use of chemical and
nonchemical control methods, especially biological
and cultural. For chemical control, unrelated che-
mistries were used with a strong emphasis on pyre-
throid/ovicide mixtures. In essence, a three-stage
strategy was implemented. In Stage I (September to
February), only endosulfan (an organochlorine) was
permitted. Stage II (January to February) allowed
a maximum of three pyrethroid sprays within a
42-day window (later reduced to 38 days), enough
to control only one of the five H. armigera generations
present within a single growing season. In Stages I and
11, ovicidal compounds (e.g., methomyl) could also be
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used. Organophosphates and carbamates were used in
Stage III and also if required for additional sprays
during Stages I and II.

The use of a “softer” insecticide (endosulfan) in
the early season was deliberate to minimize disrup-
tion of beneficial parasitoids and predators and to
avoid a potential upsurge of secondary pests such as
mites, aphids, and whiteflies, which were not con-
trolled by the pyrethroids available at the time.
Examples of nonchemical countermeasures incor-
porated in the strategy to reduce selection pressure
included the use of early-maturing crops, avoiding
early-growing crops (e.g., maize) in adjacent fields,
which may act as early-season nurseries for resistant
H. armigera, and utilization of host plants in refu-
gia to maintain a large pool of susceptible indivi-
duals, which would continually dilute the resistant
population in the crop. Resistance was monitored
on a weekly basis using a discriminating dose of
fenvalerate with and without the synergist PBO.
Later monitoring showed a rise in metabolic resis-
tance attributed to MFOs and this resulted in the
inclusion of PBO in the last of the maximum of three
pyrethroid sprays. This strategy was successful for
many years but the underlying trend of upward
increase in the proportion of resistant insects contin-
ued and finally led to a complete reorganization of
the strategy in the mid 1990s with a shift away from
reliance on pyrethroids.

Initial resistance to pyrethroids was thought to be
due to the presence of the knockdown site-insensiv-
ity resistance (kdr) mechanism probably as a direct
result of cross-resistance to DDT. Over the years of
the IRM strategy, metabolic resistance mechanisms
appear to have taken over. However, there is still
controversy over whether it is primarily due to ele-
vated levels of esterases or mixed-function oxidases
(MFOs). The main reason for the uncertainty con-
cerns the role of synergists used in the studies. For
example, PBO is now thought to inhibit both these
types of enzymes. Furthermore, it has been sug-
gested that such inhibitors may themselves have
become resisted in the field over time (McCaffery,
1998), thus obscuring the mechanism of resistance.

The second IRM strategy involved the whitefly,
B. tabaci, a representative sucking pest on a wide
range of crops (Denholm er al., 1998).In 1995, over-
reliance on a limited range of pyrethroids in Arizona
had led to a classic treadmill scenario, with farmers
responding to rising levels of resistance by increas-
ing the number of sprays (as many as 8-12 applica-
tions per season). In this pest, the haplodiploid
breeding system encourages rapid selection and
fixation of resistance genes. Males are produced

uniparentally from unfertilized, haploid eggs, and
females are produced biparentally from fertilized
diploid eggs. In addition, for this (and other) highly
polyphagous species, the interaction between pest
ecology and resistance is complex and generally
not well understood, making formulation of IRM
strategies even more difficult. The strategy of
Dennehy and Williams (1997) implemented in
1996 had several features in common with that for
H. armigera. It too relies on the continuous avail-
ability of a pool of susceptible whiteflies in refugia
(e.g., Brassica crops) throughout the year and alter-
ation of agronomic practices (e.g., timing of plant-
ing) in crops to minimize whitefly numbers whilst
still maintaining the level of natural enemies. The
first of the three-stage IRM strategy involved use of
a single spray each of pyriproxyfen and buprofezin
(then newly available insect-growth regulators) with
a 14- or a 21-day gap. The second stage allowed
nonpyrethroid conventional insecticides and the
third used pyrethroids synergized with acephate as
late as possible in the season. A threshold of infesta-
tion was defined to initiate insecticide applications.
Mixtures were limited to no more than two com-
pounds and any one active ingredient was restricted
to no more than two applications in one season.
This strategy has been extremely successful in reduc-
ing the number of sprays required and regaining
susceptibility both to synergized pyrethroids and
key nonpyrethroid insecticides.

As for H. armigera, the need for monitoring,
establishing threshold levels to trigger spray appli-
cations, and cooperation of the growers was key to
the strategy. Long-term success of any IRM strategy
depends on many factors because, even when an
IRM strategy has been successful (McCaffery,
1998), effectiveness of synergized pyrethroids can
be lost after just two applications in areas with a
history of resistance to pyrethroids.

In conclusion, the key requirement for the devel-
opment and sustainability of an IRM strategy is
diagnosis of the resistance mechanism(s) in field
populations. This is especially important when
assessing the relative importance of individual
mechanisms when several are present, which influ-
ences changes to the strategy with time. As alluded
to earlier, there is still much uncertainty in the diag-
nosis of mechanisms. The use of established inhi-
bitors or just in vitro bioassay data has been shown
to be unreliable in this regard. For example in
M. persicae, elevated esterase was considered for
many years to be the main resistance mechanism. It
was only recently shown (Devonshire et al., 1998) that
this mechanism made only a minor contribution to the
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observed resistance to pyrethroids, with a kdr mecha-
nism being the main contributor. This case further
emphasized the need for not only accurately identify-
ing the resistance mechanisms present but also their
relative contribution. One way forward would be to
design selective inhibitors on the basis of iz vivo and
in vitro structure-activity relationship studies from
susceptible and resistant insects.

1.5.2.1. Chemistry-led options for circumventing
resistance The established IRM strategies (consid-
ered above) successfully exploit a range of options
including use of insecticides with different modes
of action, agronomic practices, and biological con-
trol. However, there are two additional options in-
volving insecticides that have hitherto not been fully
exploited.

1. Negative cross-resistance is a phenomenon in
which a resistant pest is rendered more susceptible
to another class of pesticide. This phenomenon is
rare in insects but for pyrethroids, two different
classes, the N-alkylamides (Elliott ez al., 1986) and
dihydropyrazoles (and related classes) (Khambay
et al., 2001), have been found to cause this effect.
They both exhibit similar, albeit small (resistance
factors of 0.4), levels of negative cross-resistance
to houseflies with nerve insensivity (super-kdr) as
the main resistance mechanism. The mechanisms
involved are not properly understood. However
this phenomenon is apparent only in the presence
of the super-kdr mechanism, with kdr alone
having little impact. BTG 502 (Figure 8; (58)) is
representative of the N-alkylamides, a class with
which this phenomenon was first identified. No
compounds of this class have been commercialized
to date, but see Chapter 2.

In insects that have developed resistance to pyr-
ethroids as a consequence of increased levels
of metabolic enzymes (MFOs and esterases),
negative cross-resistance has been demonstrated
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towards insecticides that require iz vivo activation
(i.e., pro-insecticides). For example, negative
cross-resistance has been observed with indoxa-
carb in H. armigera with increased levels of
esterases (Gunning, 2003). However, this com-
pound has little effect in M. persicae with elevated
levels of esterase (Khambay, unpublished data).
This difference may be accounted for by the
kinetics of the hydrolysis reaction. In susceptible
H. armigera, hydrolysis is incomplete by the end
of the bioassay time. The increased levels of
esterases in resistant H. armigera generate more
active compound over the same period, resulting
in a higher level of activity. In M. persicae, the
hydrolysis is complete during the test period even
in susceptible insects and therefore no additional
effects are observed if increased levels of esterases
are present. Negative cross-resistance has also
been observed for pyrethroid-resistant insects
with increased levels of MFOs. Examples of such
insecticides include the pyrazole chlofenapyr, the
organophorothioates diazinon and chlorpyrifos,
and the methylcarbamate propoxur.

Pyrethroids constitute a diverse class of chemical
structures and levels of resistance to them also
vary considerably. For example, in houseflies
with the super-kdr resistance mechanism, the
resistance factor for different pyrethroids can
vary from less than 10 to over 500. Structure—
activity relationships have been discerned and
the levels of resistance factors (RFs, derived by
dividing the LD350 of resistant insects by that of
the corresponding susceptible insects) have been
shown to be directly influenced by the nature
of the alcohol group and the o substituent, but
independent of the nature of the acid group
(Farnham and Khambay, 1995a, 1995b; Beddie
etal., 1996). This is reflected in the description of
Types 1 and II. Thus, highest RFs are shown
by compounds with a 3-phenoxybenzyl (or
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Figure 8 Compounds referred to in the resistance section (structures 58-61).
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equivalent) alcohol ester with an a-cyano substit-
uent (e.g., deltamethrin) with an RF of 560. The
RF of 91 for NRDC 157 (59) (deltamethrin ana-
log lacking the a-cyano group) is significantly
smaller, and indeed surprisingly the LDsg values
against super-kdr flies are similar for the two
compounds. This indicates that the additional
target-site binding, and hence increased insecti-
cidal activity, in susceptible flies gained by intro-
ducing an a-cyano group into NRDC 157 has
been lost in super-kdr flies. The lowest RFs are
observed for pyrethroids with alcohols contain-
ing a single ring and no o substituent, an example
being tefluthrin with RF < 4.

In H. armigera, there has been some controversy
regarding the resistance mechanism. Though it is
accepted that the major mechanism is due to
increased metabolism, it is unclear whether MFOs
or esterases prevail. The highest RFs were shown
by ester pyrethroids containing a phenoxybenzyl
alcohol moiety in combination with an aromatic
acid. The lowest RFs were with pyrethroids con-
taining simple alcohol moieties as in bioallethrin.
Resistance-breaking pyrethroids (RF < 1) were also
identified e.g., those containing a methylenedi-
oxyphenyl moiety as in Scott’s Py III (60) and
Cheminova 1 (61).

This approach clearly has potential to prolong
the usefulness of pyrethroids as a class of insecti-
cides. However, the agrochemical industries are un-
likely to develop new pyrethroids purely for a role
in “breaking” resistance to established compounds
due to commercial considerations.

Despite the detection of resistance to pyrethroids
soon after their introduction over 30 years ago,
it has proved possible to manage it in many field
situations. Therefore it is likely that pyrethroids
will continue to be a useful tool for the foreseeable
future.
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A1.1. Introduction

Since the previous review in this series (Khambay
and Jewess, 2005), research emphasis has shifted
from discovery of novel pyrethroids to exploration
of new commercial applications. The latter includes
development of improved formulations, such as
slow-release polymers and resistance-breaking inhi-
bitors, particularly in the relatively small public
health market. However, research efforts to under-
stand the nature of resistance have intensified due to
increased reports of pyrethroid resistance in insect
pests, and also aided by advances in insect genomics
and a clearer elucidation of pyrethroid binding at
the sodium channel target.

A1.2. Market - Applications in
Agricultural and Nonagricultural Fields

A wide range of synthetic pyrethroids are used in
crop protection and for the control of veterinary and
medically important pests species, with annual sales
figures in excess of $1.5 billion (approximately 16 %
of the world insecticide market in 2007). Their main
use is in agriculture, particularly for controlling
bollworms (members of the Helicoverpa/Heliothis
complex), aphids, whiteflies and mites, with delta-
methrin, lambda cyhalothrin, permethrin and cyper-
methrin accounting for the majority of sales. The
lead crop for the pyrethroid market remains cotton
(45%), followed by rice (28%) and vegetables
(14%). Pakistan (34%), Indonesia (28%), Brazil
(15%) and China (15%) are the major consumer
countries (Ralf Nauen, Bayer Crop Science, per-
sonal communication). Pyrethroids are also used

extensively in veterinary medicine for agricultural
and domestic purposes, mainly to control insect and
tick parasites (see recent review by Anadon et al.,
2009). Because of its low mammalian toxicity, pyre-
throid is the preferred insecticide class used for con-
trol of medically important arthropods such as
mosquitoes, lice, and cockroaches. Although the pub-
lic health market constitutes only a small fraction of
total insecticide usage (<1% of that spent on agricul-
ture), the role of pyrethoids is nevertheless vital, since
they are the only class of insecticides approved for
insecticide-treated bednets (ITNs) and the preferred
choice for indoor residual spraying (IRS).

A1.3. Research for Novel Commercial
Compounds - Products

A novel group of methyl ester pyrethroid acids con-
taining an aromatic ring on the acid moiety with high
insecticidal activity against a diverse range of insects
has been reported recently (Silverio et al., 2009); but
these products are still at an early stage of develop-
ment. There has been investment in the development
of new formulations to overcome insecticide resis-
tance in crop pests (Bingham et al., 2007) and public
health products, such as the slow release plastic strip
formulation of metofluthrin (Sumitomo Chemical
Co.), a highly volatile pyrethroid which, in contrast
to coil/liquid vaporizers, evaporates without heating
(Kawada et al., 2005). An establishment of a public—
private partnership, the Innovative Vector Control
Consortium (IVCC, www.ivcc.com), has also pro-
vided a welcome stimulus for investment in new pyre-
throid chemistry for the public health market with
a particular focus on products targeting mosquitoes.
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A1.4. Resistance

The increasing number of reports of pyrethroid
resistance in the field has fuelled further studies
to determine the molecular basis of resistance, and
recent progress in this area is summarized in
Table Al. Several cytochrome P450s that are over-
expressed in insecticide-resistant strains and are able
to metabolize pyrethroids have been identified. For
example, the Anopbheles gambiae enzyme, CYP6P3,
is upregulated in pyrethroid-resistant populations
from Ghana and Benin and it metabolizes both
a-cyano (type 2) and non-o-cyano (type 1) pyre-
throids (Muller et al., 2008). Another CYP6 enzyme
from the mosquito An. minimus has also been demon-
strated to have activity against deltamethrin, sup-
porting its likely role in resistance (Boonsuepsakul
et al., 2008). A number of P450s from Helicoverpa
armigera have been implicated in pyrethroid resis-
tance by metabolism studies (Table A1), although
genetic mapping has suggested that the iz vitro ability
of certain P450s (such as the CYP6B7 and CYP6B6)
to metabolize pyrethroids may not be sufficient evi-
dence to prove their role in resistance (Grubor and
Heckel, 2007). The application of RNA silencing tech-
niques has demonstrated the importance of CYP6BG1
from the diamondback moth, Plutella xylostella,
in conferring permethrin resistance (Bautista et al.,
2009). Recently, the gene duplication events in
An. funestus as a possible contributing mechanism
for the increased P450 activity in pyrethroid resistance
populations were identified in this enzyme family in
insects (Wondji et al., 2009).

The number of insect and mite species documen-
ted as containing mutations in the pyrethroid target
site, the voltage-gated sodium channel of nerve
membranes, continues to grow (see Table Al).
Many of these are clustered within localized “hot-
spots,” including the domain I154-S5 linker, IIS5 and
[1S6 helices and the corresponding regions of
domains I and III (reviewed in Davies et al., 2007),
and have been instrumental to identify a clearly
defined binding site for these compounds at the
sodium channel pore (see Section 1.5). The func-
tionality of many of these mutations has now been
confirmed by analysis of their properties in Xenopus
oocyte-expressed insect channels, and some of the
more commonly identified mutations at residues,
such as M918, T929, 11014 and F1538, confer
insensitivity across a range of pyrethroid structures.
The resistance mechanism is corroborated when the
same, or similar, mutations are found to occur in a
new species; for example, the recent identification of
F15381 in the spider mite Tetranychus urticae
(Tsagkarakou et al., 2009). Other mutation sites

have been identified that are clearly linked to the
resistance phenotype but have not been functionally
characterized by in vitro assay; for example, V10161
in Aedes aegypti (Saavedra-Rodriguez et al., 2007).
A note of caution, however, is that, not all reported
mutations have been so clearly linked to pyrethroid
resistance and some may represent natural poly-
morphisms within the sodium channel sequence.
Also, secondary processing events known to generate
developmental and/or tissue-specific diversity of ma-
ture sodium channel isoforms may also affect the level
of resistance imparted by a particular mutation; for
example, the expression of alternatively spliced
sodium channel transcripts in resistant diamondback
moth populations produced distinct channels with
different sensitivities to pyrethroids (Sonoda et al.,
2008). Finally, in populations with multiple resistance
mechanisms, the relative contribution of each muta-
tion to the resistance phenotype is often poorly de-
fined. This has been explored in Culex mosquitoes
and revealed a complex interplay between metabolic
and target site resistance (Hardstone et al., 2009).

A1.5. Pyrethroid-Sodium Channel
Interactions

One area in which there has been significant prog-
ress over the past §years is in the development
of a detailed molecular model showing a putative
binding site for pyrethroids at the insect sodium
channel. This was made possible by publication of a
series of high-resolution crystal structures for closely
related potassium channels, including the eukaryotic
voltage-gated K* channel Kv1.2 (Long et al., 20035),
that provided a structural template on which to model
the insect (housefly) sodium channel sequence
(O’Reilly et al., 2006). Close examination of the
pore region of this model revealed a long, narrow
cavity between the I1IS4-S5 linker, IIS5 helix and
IIIS6 helix that could accommodate a range of pyre-
throid structures as well as DDT (see Figure Al).
Several known features of pyrethroid mode of action
and resistance are supported by this model (O’Reilly
et al., 2006), including (1) a hydrophobic cavity ac-
cessible to lipid-soluble pyrethroids, (2) the observa-
tion that the binding site is formed by movement of
the 11S4-S5 linker towards the other two helices dur-
ing channel activation, which is consistent with
electrophysiological evidence that pyrethroids bind
preferentially to the open state of the channel, (3)
that this high-affinity binding would stabilize the
open state to slow channel inactivation, consistent
with the pyrethroid-induced tail currents seen follow-
ing membrane repolarization, (4) the proposed bind-
ing site includes many known mutation sites in the



Table A1 Summary of main reports of pyrethroid resistance and underlying molecular mechanisms in major pests

Species Pyrethroid?® RR® Genes implicated in metabolic resistance  Target site mutations® Reference®

Agricultural pests

Bemisia tabaci Cypermethrin >1000 M918V, L9251, T929V Davies et al. (2007)

Cydia pomonella Deltamethrin 80 L1014F Davies et al. (2007)

Frankliniella occidentalis ~ Deltamethrin 1300 T9291/Vv/C, L1014F Davies et al. (2007)

Heliothis virescens Deltamethrin >100 V410M, L1014H, D1549V, E1553G Davies et al. (2007)

Helicoverpa zea Permethrin >100 CYP321A1, CYP6B8 Davies et al. (2007)

Helicoverpa armigera Fenvalerate, >1000 CYP6B7,CYP9A12, CYP9A14, D1549V, E1553G Grubor and Heckel (2007), Yang et al.

Cypermethrin CYP4G8 (2008),

Davies et al. (2007)

Leptinotarsa Permethrin >200 L1014F Davies et al. (2007)
decemlineata
Myzus persicae Deltamethrin 540 L1014F, F979S, M918T Davies et al. (2007), Soderlund (2008)
Plutella xylostella Permethrin >500 CYP6BG1 T929I, L1014F Soderlund (2008), Bautista et al. (2009)
Tetranychus urticae Bifenthrin >1000 F1538I, A1215D Tsagkarakou et al. (2009)
Nonagricultural pests (public health, veterinary medicine)
Aedes aegypti Deltamethrin >100 11011M, V1016G Saavedra-Rodriguez et al. (2007)
Anopheles funestus Permethrin >200 CYP6P9, CYP6P4 Wondji et al. (2009)
Anopheles gambiae Permethrin >50 CYP6P3, CYP6M2 L1014F, L1014S Muller et al. (2008)
Anopheles minums Deltamethrin >50 CYP6AA3 Boonsuepsakul et al. (2008)
Blattella germanica Permethrn >1000 L1014F, E435K,C785R, D59G, Davies et al. (2007), Soderlund (2008)
P1899L
Boophilus microplus Permethrin >1000 F1538I Khambay and Jewess (2005)
Cimex lectularius Deltamethrin 264 V419I, L925I Yoon et al. (2008)
Ctenocephalides felis Permethrin >50 T929V, L1014F Davies et al. (2007)
Haematobia irritans Cypermethrin >500 M918T, L1014F Khambay and Jewess (2005)
Musca domestica Permethrin 5000 CYP6D1 L1014F, L1014H, M918T Soderlund (2008)
Pediculus capitis Phenothrin >100 M8271, T929I, L932F Khambay and Jewess (2005)
Sarcoptes scabiei Permethrin >20 G1535D Pasay et al. (2008)
Varroa destructoor Fluvalinate 500 F1528L, 11752V, M1823I, L1770P Soderlund (2008)

“Representative and/or first report of pyrethroid resistance.

bResistance ratio (Max reported in the species).

°Bold indicate functionally validated gene/mutation responsible for resistance.

“Review articles have been cited where available.
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Figure A1 Structural model of the housefly sodium channel showing the putative binding site for pyrethroids and DDT (Repro-
duced with permission, from O’Reilly, A.O., Khambay, B.P.S., Williamson, M.S., Field, L.M., Wallace, B.A., Davies, T.G.E., 2006.
Modelling insecticide-binding sites in the voltage-gated sodium channel. Biochem. J. 396, 255-263. © The Biochemical Society). (a)
Homology model with the voltage sensor domains coloured red and central pore helices in blue, cyan and yellow. The pyrethroid
fenvalerate (grey space fill) is shown docked at the binding site. (b, c) Close-up docking predictions for fenvalerate (b) and DDT (c)
within the binding site, highlighting the residues involved in ligand—target interactions.

11S4-S5 linker, IISS5 helix and IIIS6 helix that cause
reduced sensitivity to pyrethroids and DDT in resis-
tant insect and mite strains, and (5) the binding site
will also accommodate DDT, albeit with a reduced
number of contacts, which in turn is consistent with
the lower potency of this compound compared with
pyrethroids.

The publication of this model, and further dock-
ings of a range of pyrethroid and DDT structures,
identifies a number of additional residues, above
and beyond those already highlighted from resis-
tance studies, that are also predicted to form impor-
tant ligand—target interactions within the binding
site. These predictions can be investigated experi-
mentally and two recent mutagenesis/expression
studies have confirmed an important role for several
new residues in the IIS4-S5 linker/IIS5 helix
(Usherwood et al., 2007) and II1IS6 helix (Du et al.,
2009), thereby reinforcing the validity of the origi-
nal model. This research provides an opportunity to
re-examine species-specific differences in sodium
channel sequences between insects and mammals
that are responsible for the exquisite insect (and

mite) selectivity of these compounds. By combining
increased processing power of modern computers
with improved programs for in silico ligand/protein
predictions, it may now be possible to re-model
structural features that contribute to insect selec-
tivity at the species level (e.g., in comparing crop
pests with beneficial insects), and to design novel
“resistance-defeating” pyrethroid derivatives that
bind with higher affinity within the binding site of
strains that carry preexisting resistance mutations.

A1.6. Conclusions and Future Prospects

Although research activity in pyrethroid chemistry
has largely ceased, with the industry focus shifting
more towards less neurotoxic modes of action, the
pyrethroids, nevertheless, remain major player in
the world insecticide market and are particularly
important for the more restricted public health
market. Significant progress has been achieved in
our understanding of pyrethroid sodium channel
pharmacology and molecular characterization of
pyrethroid resistance mechanisms. Translation of
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this research into practical applications, such as
rapid and sensitive molecular diagnostics for resis-
tance monitoring and the development of synergistic
inhibitors for existing insecticide formulations will
hopefully improve the sustainability of pyrethroid
applications by supporting the implementation of
effective resistance management strategies that com-
bat the onset and spread of resistance.
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2.1. Introduction

There is an increasing need to discover novel chemi-
cal insecticides which act on unique biochemical
target sites. This is necessary for insecticide resis-
tance management, to maintain agricultural food
and fiber production at reasonable economic levels,
and also to retain the effectiveness of older and new
classes of chemistry as useful tools.

The modes of action of the major insecticide clas-
ses are reviewed in Ishaaya (2001) and in this Ency-
clopedia. These insecticidal compounds are required
not only for economic pest control, but also as
critical probes to elucidate their respective bio-
chemical target sites, allowing insights into their
fundamental biological function.

While there is an increasing need for new agroche-
micals, regulatory requirements for the registration

of new insecticides continue to escalate, and socie-
ty’s requirements for safety to nontarget organisms
and the environment and compatibility with ongo-
ing agricultural practice, pose increasing challenges.

The voltage-gated sodium (Na™) channel is a pri-
mary insecticide target for the synthetic and natural
pyrethroids, DDT, N-alkylamides, and a host of
natural product and peptide toxins (Zlotkin, 2001).
At least ten independent target sites exist for
these compounds, based on functional studies, and
the compounds can exert allosteric effects on one
another via these independent sites. In addition, it
has been definitively shown that specific genetic muta-
tions in the Na® channel in both laboratory and
field insects can confer resistance to pyrethroids and
DDT (see Chapter 1). The discovery of additional
new Na™ channel toxins acting at novel sites thus
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creates the possibility of useful invertebrate control
agents as well as the development of additional tools
for understanding ion channel function.

The identification of the Na™ channel blocker
insecticides (SCBIs) represents such a discovery.
These compounds all act at a unique site in insect
voltage-gated Na* channels, which may correspond
to the local anesthetic/anticonvulsant site. Our
knowledge of the mode of action of indoxacarb
derives largely from studies on the pyrazoline (also
known as dihydropyrazole) forerunners of this fam-
ily, carried out in the 1980s at the Rohm and Haas
Company (Salgado, 1990, 1992). Pyrazolines were
found to paralyze insects by blocking action poten-
tial initiation in nerve cells. The mechanism of this
block was due to a voltage-dependent blocking
action on voltage-gated Na™ channels. This mecha-
nism is also observed with many therapeutically
useful local anesthetic, antiarrhythmic, and anti-
convulsant drugs. The bioactivated form of
indoxacarb, N-decarbomethoxylated DPX-MP062
(DCMP), also works in this manner. Indoxacarb’s
selective toxicity towards pest insects is due to its
rapid bioactivation to the active metabolite DCMP,
while higher animals primarily degrade indoxacarb
to inactive metabolites via alternate routes.

This article will trace the chemical evolution of
these compounds and their physiological activity in
invertebrates, which eventually led to the commercial
introduction of a member of this class, indoxacarb
(Harder et al., 1996; Wing et al., 2000). The unique
metabolic, insecticidal, and pest management control
properties of indoxacarb will also be discussed.

2.2. Chemistry of the Na*
Channel Blockers

2.2.1. Chemical Evolution and Structure-Activity
of the Na* Channel Blocker Insecticides

The first insecticidal pyrazoline Na™ channel block-
ers were reported in patents from Philips-Duphar in

Cl R1

PH 6041
(Philips-Duphar)

1973 and are represented by PH 60-41 (Mulder and
Wellinga, 1973) (Figure 1). These compounds were
reported to have high levels of efficacy against
coleopteran and lepidopteran pests. In 1985, Rohm
and Haas reported pyrazolines such as RH-3421
with ester substituents on the pyrazoline 4-position
(Jacobson, 1985). These compounds were later
reported to have high insecticidal efficacy, low
mammalian toxicity, and a rapid rate of dissipation
in the environment (Jacobson, 1989). Subsequent
work by DuPont on the SCBIs resulted in the dis-
covery of several classes of related structures, all
with similarly high levels of insecticidal activity
(Figure 2). It was found that transposition of the
N1 and C3 atoms in the pyrazoline core gave active
compounds (compound B). Conformationally con-
strained pyrazolines, resulting from bridging the
pyrazoline C4 postion with the C3 aryl substituent
(forming indazoles and oxaindazoles) (compound
C in Figure 2), were also highly active. Semicarba-
zones D are also insecticidal; these compounds are
structurally similar to pyrazolines, but with the CS§
carbon removed. Expanding the pyrazoline ring by
one carbon gave highly active pyridazine compounds
(compound E). Substituting oxygen or nitrogen for
the C5 pyridazine atom gives oxadiazines and
triazines, also with high insecticidal activity (com-
pound F). Indoxacarb is, in fact, a representative of
the oxadiazine subclass of SCBIs.

The insecticidal structure—activity relationships for
the oxadiazines are summarized in Figure 3. For sub-
stituent R1, 4- or 5-Cl, Br, OCH,CF3, and CF; groups
gave compounds with the highest activity. In the R2
position, 4-halo-phenyl and CO,Me were the most
active substituents. For groups at R3, 4-OCF3, 4-CF;,
and 4-Br were best for activity. For the substituents on
nitrogen (R4), CO,CHj; and COCHj; were the most
active, followed by H, Me, and Et.

2.2.2. Chemistry and Properties of Indoxacarb

Indoxacarb is synthesized as described in McCann
et al. (2001, 2002) and Shapiro et al. (2002). Its

RH-# R1__R2
3421 CI  CF3
1211 PrO- CF3
CH; 5529 CI H
7\ ~COOCH,8
NS,

OA\NAQ—Rz

(Rohm and Haas)

Figure 1 Structures of original pyrazoline Na* channel blockers.
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Figure 2 Structures of pyrazoline-like Na® channel blockers.

"Best" substituents

R1 4
5 Ré R3 R1 4-or 5 Cl, Br, OCH,CF3, or CF4
\ > R2 4-halo-Ph, CO,Me
N—N
>/-\N R3 OCF,, CFa, Br
O ha
R4 CO,CHj, COCH;

Figure 3 Structure—activity relationships for oxadiazine insecticides vs. Spodoptera frugiperda.

physical, toxicological, and environmental proper-
ties are shown in Table 1; the profile indicates a safe,
environmentally benign compound with relatively
low water solubility.

2.3. Metabolism and Bioavailability
of Indoxacarb

2.3.1. Bioactivation of Indoxacarb

Indoxacarb requires metabolic activation by insects
before it acts as a strong Na' channel blocker
(Figure 4). An esterase or amidase-type of enzyme(s)
cleaves the carbomethoxy group from the urea
linkage, liberating the free urea DCMP, which then

acts as the voltage-dependent Na* channel blocker.
This was first demonstrated for the racemic com-
pound DPX-JW062 (50 : 50 mixture of active S and
inactive R enantiomers) being converted to the cor-
responding N-decarbomethoxylated DPX-JW062
(DCJW) (Wing et al., 1998). The enzyme involved
has been only partially characterized. It is clear
that the enzyme is a hydrolase of some type, may
be serine dependent. In Lepidoptera the enzyme
is found in high concentrations in midgut cells (but
not the gut contents) and in fat body, and also
found in high concentrations in several subcellular
fractions (nuclear, mitochondrial, microsomal, and
cytosolic). The enzyme can be inhibited by several
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Figure 4 Bioactivation of oxadiazines to N-decarbomethoxylated Na™ channel blocker metabolites in insects.

Table 1 Properties of indoxacarb (DPX-MP062)

Physical state (99% active  Solid, powder
enantiomer DPX-KN128)
Melting point 88.1°C

Solubility (for DPX-MP062,
75% DPX-KN128 + 25%
R-enantiomer)

Water — 0.20 ppm

n-Heptane — 1.72mg ml™"
1-Octanol — 14.5mgml~"
Methanol — 103mgml~"

Xylene — 117mgm!~"
Acetonitrile — 139 mgm| ™"

Ethyl acetate — 160 mgml| ™"
Dichloromethane — >250 g kg™'
Acetone — >250 g kg™
Dimethylformamide — >250g kg~
Partition coefficient log Ko = 4.65
in octanol/water

(KPX-KN128)

Vapor pressure 9.8 x 107° Pa at 20°C
(DPX-KN128) 25 x 108 Paat25°C

Acute toxicity of Oral LCgo: 1730mg kg~ (male
indoxacarb rats); 268 mg kg~ (female
(DPX-MP062) rats)

Dermal LDsq: greater than
5000mg kg~ in rats

Inhalation LCsg, 4 h: greater than
55mgl’

Dermal irritation: nonirritant

Eye irritation: moderate eye
irritant

Ames test: negative

““No major issues in the areas of
soil persistence, mobility, and
fish bioaccumulation for
indoxacarb.”

Environmental fate
characteristics

Data from EPA, 2000. Fact Sheet on Indoxacarb. Issued Oct. 30,
2000, Environmental Protection Agency, Washington, DC.

organophosphate esterase inhibitors but not the
cytochrome p450 monooxygenase inhibitors piper-
onyl butoxide or 1-phenyl imidazole, nor the
glutathione transferase inhibitor N-ethyl maleimide.
Formal structural proof of the indoxacarb active
metabolite was obtained by '*C cochromatography

and reversed phase high-performance liquid
chromatography (HPLC)/electrospray mass spec-
trometry with authentic standards.

The bioactivation reaction is widespread through-
out several orders of insects. Wing et al. (1998) first
demonstrated that Lepidoptera representing Tri-
choplusia, Spodoptera, Helicoverpa/Heliothis, and
Manduca species perform this reaction after oral
administration of ['*C]DPX-JW062 within 3 h, by
which time all larvae were observed to halt feeding,
and to suffer a lack of righting, mild convulsions,
and a distinct and irreversible pseudoparalysis. A
more comprehensive study including Lepidoptera,
Homoptera (Nephotettix, Nilaparvata, Peregrinus,
Myzus species), and Hemiptera (Lygus species)
indicate that onset of toxic symptoms in all of
these insects is well correlated with formation
of ["*CIDCJW from ["*C]DPX-JW062 or unlabeled
indoxacarb to DCMP after oral administration
(Wing et al., 2000). However, it was noted that
the bioactivation rate as well as speed of onset of
symptoms was noticeably more rapid with Lepi-
doptera, and that the Lepidoptera quantitatively
converted far more of the parent oxadiazine into
the active metabolite than the other orders exam-
ined. In addition, there is no apparent stereoselec-
tivity of activation for either the S (active Na™
channel blocker) or R enantiomers of parent oxa-
diazine — both enantiomers appeared to be cleaved
rapidly to the corresponding free ureas. However, it
appears that all of the insecticidal activity resides in
the S-enantiomer of DCJW or indoxacarb (Wing
et al., 1998) as has been observed for dihydro-
pyrazoles (Hasan et al., 1996). Bioactivation and
subsequent cessation of feeding and pseudoparalysis
in lepidopteran larvae was slower and required
higher doses after topical, compared to oral
administration.

While only these free ureas demonstrated strong
Na™ channel blocking activity, it was frequently
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observed that both indoxacarb and its activated
metabolite were similarly potent in intoxicating
Lepidoptera (Wing et al., 1998; Tsurubuchi et al.,
2001). This again argues for efficient bioactivation
in this order of insects.

Indoxacarb bioactivation was also studied in
the hemipteran cotton pest, the tarnished plantbug
(Lygus lineolaris), compared to its hemipteran pred-
ator, big-eyed bug (Geochoris punctipes) (Tillman
et al., 2001). These studies again demonstrate that
the onset of neurotoxic symptoms in both bugs was
well correlated with the appearance of the activated
metabolite DCMP (albeit at slower rates than ob-
served in Lepidoptera). The importance of oral up-
take as a major route of bioactivation/intoxication,
compared to tarsal absorption of residues or
through dermal uptake, was clearly evident. Inter-
estingly, laboratory studies showed both pest and
predator to be similarly sensitive to indoxacarb,
although Geochoris could tolerate higher levels of
indoxacarb before showing signs of intoxication.
However, in treated cotton fields, Lygus has been
found to be more sensitive to indoxacarb treatment
while Geochoris has been relatively refractory; fur-
ther studies showed that this was largely due to
infield behavior and the preference of Geochoris
to feed on pest insects and their eggs as opposed to
foliage, which significantly slowed oral indoxacarb
uptake (Tillman et al., 2001).

In addition, all current evidence points to a SCBI
structural requirement for an underivatized urea link-
age to be present to exert strong, quasi-irreversible
insect Na™ channel blocking effects, as opposed to
derivatized ureas.

2.3.2. Catabolism of Indoxacarb and
Other Na* Channel Blocker Insecticides

Relatively little is known about the metabolic break-
down of indoxacarb or other SCBIs in insects. On
balance, it is clear that bioactivation is occurring
much more rapidly than degradation after field
application, when satisfactory insect control is
observed. However, like any other novel insecticide,
resistance management will be a key to maintaining
the agricultural utility of this insecticide class.
Indeed, several field populations of North American
oblique-banded leafroller (Choristoneura rosaceana)
have shown a degree of insensitivity to indoxacarb,
which is unique for Lepidoptera (Ahmad et al., 2002).
Though this insect has never been exposed to indox-
acarb for commercial control in the field, it has been
treated with several other insecticide classes, includ-
ing a number of organophosphates. Current studi-
es indicate that resistant strains of this leafroller
may be able to catabolize indoxacarb more rapidly

than susceptible strains; the specific mechanisms
and metabolites are currently being characterized
(Hollingworth et al., unpublished data).

Interestingly, indoxacarb is apparently degraded
primarily by higher animals via routes including
cytochrome p450 mediated attack of the indanone
and oxadiazine rings, while N-decarbomethoxylation
is a relatively minor pathway (EPA, 2000; Scott,
2000). The rapid metabolic degradation is a critical
factor responsible for the high nontarget animal safety
of indoxacarb.

2.4. Physiology and Biochemistry of
the Na* Channel Blockers

2.4.1. Symptoms of SCBI Poisoning
in Insects: Pseudoparalysis

Pyrazolines and indoxacarb produce identical acute
neurotoxic symptoms in the American cockroach
Periplaneta americana, progressing through initial
incoordination (5-20 min after 1-10 pg injection),
then tremors and prostration, and finally a distinc-
tive pseudoparalysis, so named because the appar-
ently paralyzed insects produce violent convulsions
when disturbed. This pseudoparalysis was main-
tained for 3-4 days, after which the ability to
move when disturbed waned. By 4-6 days, the
insects could be considered dead. Lower doses
caused a similar progression of symptoms, but the
time before appearance of symptoms was delayed.
This unusual pseudoparalysis was key to unraveling
the complex mode of action of this family in insects.
Irreversible pseudoparalysis was also observed in
lepidopterous larvae, with disturbance during the
pseudoparalyzed state leading to squirming, and
tremors of legs and mandibles evident upon micro-
scopic examination. Higher doses of pyrazolines,
especially in lepidopterous larvae, led within a few
hours to flaccid paralysis (Salgado, 1990). Injection
of 10pgg~" indoxacarb into fifth instar Manduca
sexta larvae produced excitatory neurotoxic symp-
toms leading to convulsions and then relatively
rapidly to flaccid paralysis (Wing et al., 1998). As
discussed above, indoxacarb itself is converted
in vivo to DCMP by esterase-like enzymes. The pseu-
doparalytic symptoms caused by indoxacarb have
also been clearly observed in Spodoptera frugiperda
larvae treated by injection of 20 pg g~ ' indoxacarb or
DCJW, and also in male P. americana injected with 1,
3,0r 10 pg g~ ' DCJW (Salgado, unpublished data).
Under field conditions, after ingesting or being
directly sprayed with indoxacarb, insects will
irreversibly stop feeding within a few minutes to 4 h;
higher doses cause more rapid onset of symptoms.
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Higher temperatures increase desiccation and speed
of kill. Unlike the pyrethroids, indoxacarb exhibits
a positive temperature coefficient. Uncoordinated
insects may fall off the plant and desiccate, drown,
or become subject to predation. Affected insects can
stay alive for 4-96h, depending on the dose of
indoxacarb and susceptibility of the insect. Insects
exposed to subparalytic doses eat much less than
untreated larvae, develop more slowly, gain less
weight, and pupate and emerge later than untreated
insects.

2.4.2. Block of Spontaneous Activity in
the Nervous System

RH-3421 and RH-1211, two highly active pyrazo-
lines, were used as model compounds in an electro-
physiological analysis of poisoned P. americana,
together with RH-5529, which was useful for
some experiments because of its ready reversibility
(Figure 1). The upper panel in Figure 5 compares
extracellular recordings from three parts of the
nervous system before and shortly after paralysis
with Spgg™ RH-3421. The connectives between
the second and third thoracic ganglia are major
pathways for interneurons within the central ner-
vous system (CNS); the crural nerve is the major
leg nerve, with both sensory and motor traffic; and
the cercal nerve is exclusively sensory. In all cases,

the complete absence of neural activity upon dihy-
dropyrazole poisoning is striking. It has likewise
been shown that activity in the CNS connectives of
M. sexta larvae is completely blocked after paralysis
with indoxacarb or DCJW via injection (Wing et al.,
1998). The lower panel in Figure 5 shows recordings
from S. frugiperda larvae before and shortly after
paralysis with both DCJW and indoxacarb. In the
CNS connectives and also in the ventral nerve roots
of the abdominal ganglia, which carry motor and
sensory axons, there is no nerve activity in the paral-
yzed insects. The assessment of the state of the
nervous system during poisoning is completed with
Figure 6, which shows that even in a cockroach
paralyzed for 24 h, tactile stimulation of the tro-
chanter could elicit sensory spikes in the crural
nerve that in turn initiate reflex motor activity in
the same nerve. This is a clear demonstration that
axonal conduction and synaptic transmission func-
tion more or less normally in paralyzed insects; the
evident defect is that the nerves no longer generate
action potentials spontaneously.

Normally, even in a quiescent insect, there is
background or spontaneous action potential activ-
ity in the nervous system arising from pacemaker
cells in the CNS and from tonic sensory receptors.
Mechanoreceptors exist in many places on the
cuticle to detect cuticular deformations or hair
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Periplaneta americana
Crural WT%H’”M’% L RH-3421
nerve
RH-3421
CNS WMWN
Cercal RH-3421
nerve
0.5/0.1mV
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CNS Indoxacarb
Abdominal « | o , DCJW
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Figure 5 SCBI poisoning inhibits all spike activity in the nervous system. Representative extracellular recordings from the central
nervous system (CNS) and peripheral nerves of paralyzed insects and untreated DMSO-injected controls. Adult male cockroaches
were treated by injection of 5 ug g~ " RH-3421 and fifth instar Spodoptera larvae weighing 500 mg were treated with 5 ug g~ ' DCJW or
indoxacarb, 3—4 h before dissection of and recording from the paralyzed insects. (Cockroach data: reproduced with permission from
Salgado, V.L., 1990. Mode of action of insecticidal dihydropyrazoles: selective block of impulse generation in sensory nerves.
Pestic. Sci. 28, 389-411; © Society of Chemical Industry, permission is granted by John Wiley & Sons Ltd. on behalf of the SCI.

Spodoptera data previously unpublished.)
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Figure 6 Sensory and motor nerve activity could still be elicited long after the onset of paralysis. These recordings, from nerve 5
(crural nerve) of a cockroach injected 24 h earlier with 5pug g’1 RH-3421, show that although there was no background activity
(trace a), tactile stimulation of the ipsilateral trochanter elicited activity in several axons (trace b). Furthermore, cutting nerve 5
proximal to the recording site abolished the larger spikes (trace c), showing that the remaining smaller spikes were in primary
sensory neurons while the larger ones in trace (b) were reflexly evoked motor spikes. (Reproduced with permission from Salgado,
V.L., 1990. Mode of action of insecticidal dihydropyrazoles: selective block of impulse generation in sensory nerves. Pestic. Sci. 28,
389-411; © Society of Chemical Industry, permission is granted by John Wiley & Sons Ltd. on behalf of the SCI.)

deflections resulting from stresses due to the body’s
own movements or to external stimuli, and internal-
ly in the form of chordotonal organs or muscle
stretch receptor organs to report on joint angles.
Mechanoreceptors in general have both phasically
and tonically responding sensory cells or units. The
phasic units respond with a burst of activity at the
start or end of a stimulus, but rapidly adapt in
the presence of constant stimuli, because their func-
tion is to sensitively detect changes in stimulus level.
The tonic units maintain a steady firing rate during
stimulus presentation and give rise to slowly adapting
sensations. In insect muscle stretch receptor organs,
both phasic and tonic functions are subserved by a
single neuron. A sudden elongation of this receptor
induces firing initially at a high rate, which then
declines to a constant rate that is proportional to
static elongation, so that both velocity and position
are encoded (Finlayson and Lowenstein, 1958).

The complete absence of neural activity in poi-
soned insects indicates that SCBIs block not only
tonic sensory activity, but also pacemaker activity
in the CNS. Both of these effects involve action
potential generation in regions of neurons that are
able to generate action potentials repetitively in
response to constant stimuli. The ability of phasic
receptors to respond long after paralysis at a high
dose (Figure 6), suggests that phasic receptors are not
as sensitive as the tonic ones, although they may also
be affected at higher doses in Lepidoptera, when
insects are completely paralyzed, as mentioned earli-
er. At this point in the electrophysiological analysis,
the pseudoparalysis resulting from SCBI poisoning is
apparently due to inhibition of spontaneous activity

in tonic sensory receptors and pacemaker neurons.
However, excitatory symptoms are also seen during
the course of poisoning; a plausible hypothesis is that
early in poisoning, before the compound reaches the
CNS, sensory receptors in the periphery become
blocked. In the absence of adequate sensory feed-
back to the CNS in response to attempted move-
ments, there would be a tendency to overaccentuate
these movements, resulting in the altered posture
and gait that is observed. The quiet periods that
predominate later in pseudoparalysis may be due to
block of pacemaker activity in the CNS. An expla-
nation of the tremors will be proposed below, after
the cellular effects of the compounds that cause the
observed block are considered. What is noteworthy,
however, about the excitatory symptoms arising
from a blocking action is the long time period over
which apparent excitatory effects can be seen. Com-
pounds with primary excitatory effects on neurons
lead to continuous excitation, and within a few
hours to complete paralysis due to, among other
things, neuromuscular block, as seen for example
with pyrethroids (Schouest et al., 1986) or spino-
sad (Salgado, 1998). Insects poisoned with SCBIs,
alternatively, do not suffer this pysiological ex-
haustion, and can therefore show strong tremors
intermittently for several days after poisoning.

2.4.3. Block of Na* Channels in Sensory Neurons

A deeper understanding of the mode of action of
the SCBIs required the investigation of their cellu-
lar effects on sensory neurons. Abdominal stretch
receptors from cockroach adults and M. sexta larvae
were shown to be blocked by various pyrazolines
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Figure 7 RH-5529 raised the threshold in current-clamped crayfish stretch receptors, without affecting passive membrane
resistance. Records show voltage (upper) and current (lower) traces for current steps before, during, and after application of
10 uM RH-5529. Corresponding traces superimposed on the right show that the spike threshold was raised by RH-5529, with no
change in resting potential or in the response to hyperpolarizing pulses. (Reproduced with permission from Salgado, V.L., 1990.
Mode of action of insecticidal dihydropyrazoles: selective block of impulse generation in sensory nerves. Pestic. Sci. 28, 389—-411;
© Society of the Chemical Industry, permission is granted by John Wiley & Sons Ltd., on behalf of the SCI.)

(Salgado, 1990), but the slowly adapting stretch
receptor (SASR) of the crayfish Procambarus clarkii
(Wiersma et al., 1953) was selected for studies of the
cellular mechanism of action, because the greater
size of its neuron enables intracellular recordings
at the site of spike initiation.

Pyrazolines blocked the stretch receptor in crayfish
with a potency similar to that in insects. In mechan-
oreceptors, membrane deformation resulting from
elongation activates stretch-sensitive ion channels
that induce a so-called generator current that depo-
larizes the membrane of the spike initiation zone
to the threshold for action potential generation. In
other words, the generator current resulting from
mechanosensory transduction is encoded as a spike
train in the spike initiation zone. Insertion of a
microelectrode into the spike-initiation zone of an
SASR neuron allowed the function of this trans-
duction and spike-encoding process to be studied.
Figure 7 shows a SASR neuron studied under current
clamp, in which current pulses of varying amplitude
were injected to either hyperpolarize or depolarize
the membrane. Such currents bypass the sensory
transduction process and allow direct assessment of
the spike-encoding process. The voltage traces in re-
sponse to the injected currents are shown in the upper
row. For negative or hyperpolarizing pulses, repre-
sented as downward deflections of both current and
voltage, RH-5529 did not affect the membrane
response, indicating that it did not affect passive
membrane properties (Figure 7). The singular effect
of RH-5529 was to raise the threshold for spike gen-
eration in response to depolarizing pulses, making it
more difficult for injected currents and, by inference,
for generator currents, to elicit spikes. From this re-
sult, it was immediately clear that voltage-dependent
Na' channels, whose activation determines the
threshold and initiates the action potential, were
blocked by the pyrazoline. This was also likely the
mechanism of block in the spike initiation zones

of CNS pacemaker neurons, where spikes are also
generated by the activation of Na' channels in
response to depolarization by summation of synaptic
inputs and pacemaker currents.

2.4.4. Mechanism of Na* Channel Block

In order to better understand the action of SCBIs on
Na' channels, further studies were carried out on
crayfish giant axons treated with pyrazolines, with
techniques that allowed the study of Na* channels
under highly controlled conditions. A first hypothe-
sis to explain the insensitivity of axonal Na™ chan-
nels to pyrazolines was that the compounds block
Na™ channels in a voltage-dependent manner, and
are therefore selective for channels in the spike
initiation zone. Voltage-gated Na* channels are
complex proteins, whose function is regulated by
membrane potential through voltage-dependent con-
formational changes occurring on a timescale from
less than a millisecond to several seconds (Pichon and
Ashcroft, 19835). At the spike initiation zone, neurons
operate near the threshold for action potential gener-
ation, in the range of —70 to —50 mV, where impor-
tant conformational changes in Na™ channels occur
prior to opening. In contrast, axons have a resting
potential near —90 mV, where Na* channels are pre-
dominantly in the resting state. However, when axons
are depolarized to the range where Na™ channels
begin to undergo conformational changes, they be-
come sensitive to pyrazolines (Salgado, 1990). Like-
wise, the extracellularly recorded compound action
potential from motor nerves of M. sexta abdominal
ganglia, which was likewise highly insensitive to
DCJW, was rendered sensitive by depolarization of
the nerves with a high K™ saline (Wing et al., 1998).

Figure 8 shows membrane currents evoked by test
pulses to 0 mV before and after equilibration with
10 pM RH-3421 at various holding potentials. For
each trace, after initial rapid downward and upward
transients, the current became inward and peaked
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Figure 8 Dihydropyrazole block appears as a parallel shift of
the steady state slow inactivation curve in the direction of
hyperpolarization. lonic current traces were scaled by a com-
mon factor so that the peak at —120mV matched the peak
before treatment with the dihydropyrazole. Peak Iy, was de-
pressed most at depolarized potentials, whereas outward cur-
rent, lx, was not affected by the treatment. The graph shows
plots of peak current normalized to the value at —120 mV. RH-
3421 (10 uM) appears to shift the steady state inactivation rela-
tion to the left by 8.6 mV. (Reproduced with permission from
Salgado, V.L., 1992. Slow voltage-dependent block of Na™
channels in crayfish nerve by dihydropyrazole insecticides.
Mol. Pharmacol. 41, 120-126; © American Society for Pharmacol-
ogy and Experimental Therapeutics.)

within 0.5 ms, then reversed and became outward.
The inward (downward) peak is the Na™ current
and the outward (upward) steady state current is
the K™ current (Pichon and Ashcroft, 1985). Depo-
larization of the axon to potentials more positive
than —90mV in the control suppressed the Na™
current by a process known as inactivation, which
in this case had a midpoint potential of —77 mV.
Na* channels have two partially independent inac-
tivation processes, known as fast and slow inacti-
vation. Fast inactivation occurs on a millisecond
timescale and serves to terminate the action potential,
while slow inactivation occurs on a much slower
timescale, over hundreds of milliseconds, and per-
forms a slow, modulatory function. Slow inactivation
occurs at more negative potentials than fast inactiva-
tion, and is responsible for the inactivation seen in
Figure 8. After equilibration of the axon with RH-
3421, there was no effect on either Na* or K current
at —120 or at —100mV (Figure 8). At more depo-
larized potentials, however, the Na™ current was
specifically depressed by RH-3421, whereas the K*
current was unaffected. When peak Na™ current is
plotted against membrane potential, it appears that

—

A

Figure 9 A model showing the resting (R), Open (O), and
inactivated (1) states of the Na™ channel, and specific interac-
tion of the SCBIs (D) with the inactivated state.

RH-3421 has shifted the slow inactivation curve by
9mV to the left.

The next step in the analysis is to consider the
mechanism of this apparent shift of slow inactivation.
Whereas fast inactivation occurs with a time course of
hundreds of microseconds to a few milliseconds, and
slow inactivation on the order of tens to hundreds of
milliseconds, the changes in peak Na™ current in the
presence of SCBIs occur on a much slower timescale,
on the order of 15 min. This slow readjustment of
peak current in response to voltage change can there-
fore be attributed to a new process: the binding and
unbinding of SCBIs to Na™ channels.

The Na™ channel undergoes transitions between
many different conformations or states, which can
be grouped into resting (R), open (O), and inacti-
vated (I) states, each of which may have several
substates. The transitions between these naturally
occurring states are shown on the left in Figure 9.
In this simplified model, S..=[R}J/[R]+[I], is the
steady-state slow inactivation parameter, which
depends on membrane potential according to

1
T 1+exp[(V - Vs)/k] [

where V is membrane potential, Vg is the potential
at which S, = 0.5 (half of the channels are in the
inactivated state), and k is a constant that includes
the Boltzmann constant and describes the voltage
sensitivity of the inactivation process (Hodgkin and
Huxley, 1952).

This model ignores the fast-inactivated state, but
interaction of the SCBIs with the channels is so slow,
that it and the open state, O, can be ignored in the
analysis. The observed enhancement of slow inacti-
vation can be explained if we assume that the SCBI
drug (D) binds selectively to an inactivated state, as
also shown on the right-hand side in the model
(Figure 9). Drug binding would then effectively
remove channels from the I pool, which would be
compensated for by mass action rearrangements
among the other states, leading to net flux of more
receptors from the R pool into the I and D eI pools.
Ki=[D] x [I}/[D e1I] is defined as the equilibrium
dissociation constant of the D oI complex.

In the presence of SCBI drug, two processes lead to
the decrease in current upon depolarization: slow

Soc
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inactivation and drug binding. Fortunately, slow
inactivation can be removed from the measurements
by hyperpolarizing to —120mV before applying
the depolarizing pulse to measure the peak current.
Figure 10a shows the time course of block after step-
ping from —120mV to various depolarized poten-
tials, in an axon equilibrated with 1M RH-1211.
The pulse protocol, shown in the inset in panel
A (Figure 10), includes a 500ms hyperpolarizing
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Figure 10 Block is asymptotic at strong depolarizations. The
model predicts that block of Na* channels by SCBls is voltage
dependent only over the voltage range over which inactivation
occurs. In order to observe block directly at strong depolariza-
tions, where inactivation is complete, the axon was held at
various potentials as in Figure 8, but a 500 ms hyperpolarizing
prepulse to —120mV was applied just before the 10 ms test
pulse, during which |y, was measured (see inset protocol).
The prepulse was of sufficient amplitude and duration to re-
move inactivation completely, without interfering with block.
(a) Time course of f,, the fraction of channels unblocked, follow-
ing steps from —120 mV to various other potentials, in an axon
equilibrated with 1uM RH-1211. Steady state block from this
and another axon treated with 0.5pM RH-1211 are plotted in
(b). The solid curves in (b) were plotted according to eqn [2],
with K; = 0.14uM, V, = 78.2mV, and k = 4.44mV. (Reproduced
with permission from Salgado, V.L., 1992. Slow voltage-depen-
dent block of Na™ channels in crayfish nerve by dihydropyra-
zole insecticides. Mol. Pharmacol. 41, 120-126; © American
Society for Pharmacology and Experimental Therapeutics.)

prepulse to —120 mV before each test pulse, which
was long enough to completely remove slow inacti-
vation, but not long enough to permit significant
dissociation of D eI complexes, thus allowing direct
assessment of block. The fraction of channels
unblocked, f,, is plotted against time, and shows
that block, which is equivalent to the formation
of Del complexes, occurs with a time constant
of 5-6 min at 1 uM. The voltage dependence occurs
only over the range where slow inactivation occurs,
saturating near —70mV. This is seen clearly in
Figure 10b, where f, is plotted against holding
potential. In terms of the model shown above, f,, =
(IR]+ [ID/(IR] + [D o I] + [1]). Substituting the above
relations for Ky and S, and eqn [1] into this expres-
sion, an equation for f, as a function of [D] and V
can be derived:

2]

f.
D] 1
e (1 T exp[(Vs = v>/k1>

The solid curves in Figure 10 were calculated from
this equation, using a Ky of 140nM, Vg= —78.2 mV
and k = 4.44mV, and fit the data quite well.

The quantitative correspondence of the blocking
voltage dependence with model predictions sup-
ports the hypothesis that SCBIs bind selectively
to the slow-inactivated state of the channel, in com-
parison with the resting state. However, because of
the very slow binding reaction, in the equilibrium
studies described to this point, only the resting and
slow-inactivated states are populated significantly
enough to participate in drug binding. In order to
test whether SCBIs bind to the fast-inactivated state,
the slow inactivation gate was removed by pretreat-
ment of the internal face of the axon membrane
with trypsin. After this pretreatment, block by the
pyrazoline RH-1211 at —90 mV was comparable to
that in intact axons, indicating that RH-1211 can
block fast-inactivated channels as well. Treatment
of the axon internally with the protein-modifying
reagent N-bromoacetamide (NBA) is known to
remove the fast inactivation gate. Pretreatment of
axons with both trypsin and NBA therefore yields
Na™ channels that do not inactivate. At depolarized
potentials, RH-1211 was just as potent at blocking
these noninactivating channels as intact channels,
showing that it can also block open channels
(Salgado, 1992).

The metabolic bioactivation of DPX-JW062 and
indoxacarb to N-decarbomethoxylated metabolites
and the similarity of the mode of action of DCJW to
pyrazolines was established by Wing et al. (1998),
who showed that spontaneous activity and action
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potential conduction in the CNS of M. sexta were
blocked, consistent with block of Na™ channels.
These workers also established that the DCJW
Na™ channel block was voltage-dependent. Subse-
quently, studies in dorsal unpaired median (DUM)
neurons isolated from the CNS of P. americana with
the patch clamp technique have also shown the
action of DCJW on Na* channels (Lapied et al.,
2001). Action potentials in these pacemaking
neurons were blocked by 100 nM DCJW, and this
action was shown to be due to block of voltage-
dependent Na® channels. The block was very
potent, with a 50% inhibitory concentration (ICs)
of 28 nM at —90mV, in good agreement with the
ICso of racemic DCJW of 40nM in blocking the
compound action potential in M. sexta CNS deter-
mined by Wing et al. (1998). In addition, Wing et al.
(1998) showed that M. sexta compound action
potential block by DCJW was stereospecific for the
S-enantiomer, which is also the only enantiomer
toxic to insects.

Although the SCBIs enhance slow inactivation, it
is important to realize that the slow inactivation of
any particular channel is not affected. Instead, slow
inactivation of the entire population of channels is
enhanced because of the addition to the system of
the highly stable SCBI-bound slow-inactivated state.
In the presence of the SCBI, time for this very slow
equilibration of the drug with the receptors must
be allowed in order to measure slow inactivation
properly. It is not enough to simply measure slow
inactivation with pulses long enough to attain a
steady state in the absence of SCBI. While pulses
on the order of 1s are long enough to attain steady-
state slow inactivation in control axons, 15 min are
required in the presence of insecticide (Salgado,
1992). Direct measurements of the effect of DCJW
and indoxacarb on Na™ channels have until now
only been carried out with the whole cell voltage
clamp method. With this technique, it is difficult to
make measurements from a single cell for more than
30 min, so it is difficult to measure the effects of
these slow-acting insectides under steady state con-
ditions. The block on washing of DCJW requires at
least 15 min to reach a steady state level and appears
to be irreversible (Lapied ez al., 2001; Tsurubuchi
and Kono, 2003; Zhao et al., 2003). However, after
equilibration of the cell with DCJW at a negative
holding potential, the level of block increases in
response to membrane depolarization on a faster
time course, with steady state levels being attained
within 2-3 min (Zhao ef al., 2003). Using 3 min
conditioning pulses, Zhao et al. (2003) demon-
strated that DCJW indeed enhanced slow inac-
tivation of two different Na channel subtypes

studied in isolated neurons; shifts of 12-13mV in
the direction of hyperpolarization were observed.

An additional effect on the P. americana DUM
neurons observed by Lapied er al. (2001) was a
strong hyperpolarization of the resting potential,
associated with an increase in membrane resis-
tance, indicating the block of a depolarizing con-
ductance, thought to be the background Na*
channels involved in the maintenance of the resting
potential in these pacemaking neurons and charac-
terized by Lapied et al. (1989, 1999). This finding
is extremely interesting and should be investigated
in more detail, because it demonstrates the existence
of a second potential target site for SCBIs.

2.4.5. SCBIs Act at Site 10 on the Na* Channel

The voltage-dependent Na™ channel blocking
action of pyrazolines was immediately recognized
as being similar to that of local anesthetics, class I
anticonvulsants, and class I antiarrhythmics (Salgado,
1992), a structurally broad range of drugs (Clare
et al., 2000; Anger, 2001) all known to act at a
common blocker site within the Na* channel pore.
Consistent with the nomenclature of Soderlund, this
will be called site 10. Like the SCBIs, drugs acting at
site 10 all exhibit voltage dependence of block, deriv-
ing from selective binding to open and inactivated
channel states.

Drugs acting at site 10 displace the binding of the
radioligand  [*H]batrachotoxin (BTX)-B  from
the BTX binding site in the Na™ channel (Postma
and Catterall, 1984; Catterall, 1987). The interac-
tion is clearly allosteric, because local anesthetics
can block BTX-modified open channels without
displacing the toxin (Wasserstrom et al., 1993;
Zamponi et al., 1993), although they speed the dis-
sociation rate of BTX from its binding site. Pyrazo-
lines were also shown to potently displace specific
binding of [PH|BTX-B (Deecher et al., 1991;
Salgado, 1992). Payne et al. (1998) further exam-
ined the interaction between the pyrazoline RH-
3421 and the local anesthetic dibucaine in BTX
binding studies. Each of these compounds decreased
the potency of the other as an inhibitor of BTX
binding approximately as much as expected from
the assumption that they share a common binding
site. Furthermore, RH-3421 increased the dissocia-
tion rate of [PH|BTX-B from its binding site,
also expected from an action at site 10 (Deecher
etal., 1991).

Lapied et al. (2001) examined the interactions of
DCJW with the local anesthetic lidocaine and the
guanidinium blocker tetrodotoxin, which is known
to block the pore from the external face, at a binding
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site distinct from the local anesthetics. The ICs for
DCJW was not affected by the presence of an ICs,
concentration of tetrodotoxin (TTX) in the external
solution, consistent with independent action of
the two compounds at distinct binding sites. In the
presence of an ICs, concentration of lidocaine, how-
ever, the ICsq for DCJW was increased about 30-
fold. A twofold shift in equilibrium binding would
be expected from the hypothesis that both com-
pounds act at the same site (Cheng and Prusoff,
1973), so the mechanism of the observed 30-fold
shift is not fully understood. Nevertheless, available
evidence is consistent with the action of the SCBIs
at site 10.

Studies on permanently charged quaternary deri-
vatives of local anesthetics were crucial in localizing
site. 10 within the Na™ channel pore. Being per-
manently charged, these molecules cannot cross
membranes and are therefore not clinically useful.
However, when applied within the cell, they are able
to enter the channel from the internal mouth, only
when the channel is open, giving rise to a phenome-
non known as use dependence — increase in the
number of blocked channels with stimulation. Be-
cause the permanently charged quaternary molecule
cannot fit through the ion-selective constriction in
the channel known as the selectivity filter, it remains
trapped within the channel after activation gate
closure. Alternatively, more lipophilic compounds
acting at site 10, when caught within the closed
channel, can diffuse out laterally through lipophilic
pathways in the channel wall. SCBIs behave like
local anesthetics with very slow kinetics, and do
not display use dependence (Zhao et al., 2003),
suggesting that the insecticides can only access the
binding site from the lipophilic pathway and not
through the internal mouth of the pore.

In addition to modulation of blocker access to the
binding site by the activation gate, channel gating
also modulates the equilibrium binding affinity of
the channel for the molecules. Like the pyrazolines
and DCMP/DCJW, there is little affinity of the
blocker molecule for the resting state, but strong
binding to the open and inactivated states. The
bound molecule is thought to lie in a hydrophobic
pocket that can be reached via either the aqueous or
hydrophobic pathways. When bound, the molecule
is thought to lie within the pore and block ion flow
through it. Several excellent reviews on the interac-
tion of blocking drugs with Na™ channels have
recently been published (Clare et al., 2000; Anger
et al., 2001; Wang and Wang, 2003).

The fact that blockers acting at site 10 bind strong-
ly to a number of states after channel opening but

not to the resting state, indicates that the movements
of the S6 segments (see Section 2.4.6) associated with
channel activation lead to formation of the receptor
for these compounds. The subsequent fast and slow
inactivation steps are thought to involve processes
at the internal membrane face that involve block-
ing of the pore by a so-called inactivation particle,
presumably without further significant changes
in the conformation of site 10.

2.4.6. The Molecular Nature of Site 10 in Insects

The primary structure of the Na™ channel o subunit
consists of four homologous repeat domains (D1 to
D4), each with six transmembrane segments S1 to
S6. The six transmembrane segments of each do-
main are thought to be arranged into a quasicy-
lindrical pseudosubunit, and all four of these
pseudosubunit domains are arranged in pseudote-
trametric fashion, forming the Na* channel pore
in the space between them.

The existence of several mutations in the S6 seg-
ments from domains 1, 3, and 4 that affect potency
of both tertiary and quaternary local anesthetics,
the latter of which have access to the receptor
only through aqueous pathways, indicates that the
S6 segments line the pore of the Na channel
(Figures 11 and 12). The voltage sensor for acti-
vation gating has been localized, also using site-
directed mutagenesis, to the positively charged S4
segments, which are thought to exhibit voltage-
dependent outward and/or rotary movements to
open the activation gate, which is thought to be
located at the cytoplasmic ends of the S6 segments.
Although the voltage sensors are located on the S4
segments, their movement appears to be coupled to
critical movements of the S6 segments, leading to
opening of the activation gate at the cytoplasmic
S6 ends, and modulation of three receptor sites
known to be associated with the midsections of
the S6 segments: the blocker site (site 10), the
pyrethroid site (site 7), and the BTX site (site 2)
(Figure 13). Several amino acid residues clustered
around the middles of the S6 segments which, when
mutated, affect binding of compounds to these sites,
have been identified, and those associated with the
binding of Na* channel blocking drugs have been
the subject of much recent research because they
potentially identify the faces of the S6 segments
that face the pore (Yarov-Yarovoy et al., 2002).
These mutations are colored red in the sequence
alignments in Figure 11. Figure 12 shows a helical
wheel representation of the four S6 segments
arranged according to Kondratiev and Tomaselli
(2003), who have only considered the residues
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D1sé
0394
0393
0405
0401
0403
0436

hmlffiv
hmlffiv

hmlffiv
hvlffvw

hmlffiv

hmcffvv

fl sfylvnlilaivamsydelgk

f1 sfylvnlilaivamsydelgk

fl sfylvnlilaivamsydelqgr

£l sfylvnlilaivamsydelgk

fl sfylvnlilaivamsydelgk
f1 sfylvnlilaivamsyddlgk

Musca domestica
Blattella germanica
Drosophila melanogaster
Heliothis virescens
Pediculus humanus humanus
Varroa destructor

D2s6
1001
0980
1016
0790
1024
1078

cipfflatvv gnl
cipfflatvv gnl
cipfflatvv gnl
cipfflatvv gnl
cipfflatvv gnl
cipfflatvv gnl

vinlflalllsnfgsssl
vinlflalllsnfgssnl
vinlflalllsnfgsssl
vinlflalllsnfgsssl
vinlflalllsnfgsssl
vlnlflalllssfgasnl

Musca domestica
Blattella germanica
Drosophila melanogaster
Heliothis virescens
Pediculus humanus humanus
Varroa destructor

D3s6
1524
1505
1536
1308
1546
1698
KXXX

mylyfvifiifgsfft 1f

‘gviidnfnegkk

mylyfvffiifgsfft 1f gviidnfnegkk

mylyfvEfiifgsfft 1f

gviidnfnegkk

mylyfvEfiifgsfft 1f gviidnfnegkk
mylyfvifiifgsfft 1f gviidnfnegkk

mylyfvifiifgafft 1f

gviidnfnegkk

mylyfvifiifgsfft 1f gviidnfnegkk

Musca domestica

Blattella germanica
Drosophila melanogaster
Heliothis virescens
Pediculus humanus humanus
Varroca destructor
Boophilus microplus

D4S6
1824
1805
1836
1846
1608
2000
HAXX

gitfllsy vis livinm iavilenysgat
giafllsy vis livinm iavilenysgat
gitfllsy vis livinm iavilenysgat
gitfllsy vis livinm iavilenysgat
gityllsy vis livinm iavilenysgat
avaylvsy iis lviinm iavilenysqgat
avaylvsy iis lviinm iavilenysqgat

Musca domestica

Blattella germanica
Drosophila melanogaster
Pediculus humanus humanus
Heliothis virescens
Varroa destructor
Boophilus microplus

Figure 11 Sequence alignment of the pore-forming S6 transmembrane segments from various arthropod pest species, to show
the location of residues known to be important for binding of local anesthetics (red), batrachotoxin (underscored), and pyrethroids
(blue). Residues conforming with the consensus sequence are shown with a gray background.

known to affect blocker affinity, without alterations
in the voltage dependence or kinetics of gating that
would otherwise account for an increase in the ICs
for block. The S6 segments can be arranged so that
all such residues, shown in red, face into the pore.
A total of 10 residues affecting BTX action have also
been identified scattered among the middle of all
four S6 segments (Wang and Wang, 2003), but it is
not yet clear if these are all associated with the
binding site.

Residues in the S6 segments of domains 1, 2, and 3
that are known to affect pyrethroid sensitivity are
shown in blue in Figures 11 and 12. These are on
the sides thought to face away from the pore. Muta-
tions conferring pyrethroid resistance have also
been identified in the S5 segments, indicating that
the pyrethroid receptors may be located at the inter-
faces between S5 and S6 segments. The number of
pyrethroid receptors per channel is not certain, but
the locations of the resistance mutations in the
S6 segments suggests that there could be as many
as four receptors. Interestingly, quantitative studies
with tetramethrin isomers on squid axon Na™
channels indicated that there may be at least three
pyrethroid receptors in each channel (Lund and
Narahashi, 1982).

The extremely high conservation of the S6 seg-
ments among the arthropods compared in Figure 11
is striking. The residues associated with the binding
sites are all absolutely conserved. However, the
P loops in the extracellular S5-S6 connecting seg-
ments dip deep into the external mouth of the barrel
formed by the S6 segments to form the selectivity
filter and the outer boundary of the inner chamber
containing site 10 (Cronin et al., 2003). The
contributions of the P loops to the binding of block-
ers in site 10 have not yet been explored. Figure 13
shows a diagram summarizing current knowledge of
the locations of the $4, S5, and S6 segments and the
three receptors associated with the S6 segments.
TTX is also shown, binding to site 1 at the external
mouth of the channel.

2.4.7. Biochemical Measurements of
the Effects of SCBIs

While electrophysiology and in particular voltage-
clamp measurements are essential for studying the
detailed interactions of drugs with ion channels,
certain receptor binding techniques are also useful,
especially when quantitative potency data on many
compounds is needed. Displacement of [’H]BTX-B
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Figure 12 Helical wheel representation of residues 8-25 of the four S6 transmembrane segments arranged so that the
residues known to be important for blocker binding (red) face the pore. Pyrethroid-binding residues are blue and BTX-binding
residues are shown as broken circles. (Adapted from Kondratiev, A., Tomaselli, G.F., 2003. Altered gating and local anesthetic
block mediated by residues in the 1-S6 and 1I-S6 transmembrane segments of voltage-dependent Na* channels. Mol. Pharmacol. 64,
741-752; and Wang, S.Y., Wang, G.K., 2003. Voltage-gated Na' channels as primary targets of diverse lipid-soluble neurotoxins.

Cell Signal. 15, 151-159.)

has been used effectively to quantify the potency
of pyrazolines on Na*t channels. The quantitative
correspondence with electrophysiology and bio-
logical activity is good (Deecher et al., 1991;
Salgado, 1992), and this is the method of choice
for structure—activity relationship studies.

Block of the Na™ flux through channels acti-
vated by the activator veratridine has also been
used to measure effects of dihydropyrazoles. In this
case, Na* flux can be assessed directly as flux
of ?*Na* into membrane vesicles (Deecher and
Soderlund, 1991), or indirectly from the resulting
depolarization as measured by voltage-sensitive
dyes (Nicholson, 1992) or depolarization-triggered
release of preloaded radiolabeled neurotransmitter
(Nicholson and Merletti, 1990). With flux assays,
however, veratridine is often used at a high con-
centration in order to achieve a strong signal, but
since this activator acts at the BTX site, it inhibits
the action of the pyrazolines (Deecher and Soderlund,
1991) and thereby interferes with accurate potency
measurements.

2.4.8. Intrinsic Activity of Indoxacarb on
Na* Channels

The initial mode of action studies with indoxacarb
indicated that it was a proinsecticide, being meta-
bolized to DCJW, which potently blocked the
compound action potential in M. sexta nerve in a
voltage-dependent manner (Wing et al., 1998).
Indoxacarb itself also had this effect, but was much
slower acting; while 1 uM DCJW blocked the com-
pound action potential by 50% after 10 min, 40 min
were required for indoxacarb to exert this same
effect, and in that preparation one cannot be certain
that the compound is not metabolized to DCJW
within the ganglion. However, studies on patch-
clamped neurons, which cannot metabolize the
compound, confirmed that indoxacarb indeed has
intrinsic activity on Na™ channels. The effects of the
two compounds were comparable, but while indox-
acarb block was reversible with about 5 min washing
or with hyperpolarization, block by DCJW was not
reversible with either washing or hyperpolarization
(Tsurubuchi and Kono, 2003; Zhao et al., 2003).
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Selectivity filter

Activation gate
(dotted, closed;
solid, open)

Figure 13 Diagrammatic representation of the location of the
binding sites associated with the S6 segments of the Na™ chan-
nel. The extracellular mouth of the channel is at the top of the
figure. Two sets of the S4, S5, and S6 transmembrane helices
are shown. Bidirectional arrows show the movements of the S4
and S6 segments associated with activation gating. The thick
solid curves show the outline of the channel protein in the
activated or open conformation, and the thick dotted line
shows the activation gate at the cytoplasmic end of the S6 seg-
ments in the closed position. There is one tetrodotoxin (TTX) and
one Na' channel blocker insecticide (SCBI) binding site per
channel, but the number of batrachotoxin (BTX) and pyrethroid
sites is not certain, although only one of each is shown. All
three drug sites are in the middle of the S6 segments, and the
pyrethroid site also includes residues in segment 5.

Table 2 Action of DCJW and indoxacarb on the abdominal
stretch receptor organ of Spodoptera frugiperda

Average percent block
(five preparations, in exposure)

Concentration® (M) DCJW Indoxacarb
3e-9 0 0
1e-8 40 0
3e-8 100 25
1e-7 100 60
3e-7 100 100

?In a saline containing, in mM, 28 NaCl, 16 KCI, 9 CaCl,, 1.5
NaH,PO,4, 1.5mgCl,, and 175 sucrose, pH 6.5, the stretch
receptor fired continuously for several hours between 25 and
75Hz.

The actions of indoxacarb and DCJW were also
compared quantitatively on the abdominal stretch
receptor organs of S. frugiperda (Table 2). In this
preparation, the insecticides in solution are per-
fused rapidly over the body wall containing the
stretch receptor, a small, thin organ directly exposed
to the saline. Significant metabolism in this prepara-
tion is unlikely, but cannot be excluded. The organ
fires continually at a rate of between 25 and 75 Hz
for many hours, and is very sensitive to block by
SCBIs. DCJW blocked activity consistently within
20-40 min at 3 x 10~ M, but in five tests at 10 *M

the average percent block within 1Th was 40%.
Indoxacarb was also intrinsically active, but 3- to
10-fold weaker than DCJW, blocking consistently at
3 x 107" M, but only 60% within 1That 1 x 10"’ M
and 25% at 3 x 10 ¥ M.

In conclusion, it appears that indoxacarb is weaker
(about three to ten times) than DCJW on Na™ chan-
nels, and that the block is readily reversible. Further-
more, the much slower effect of indoxacarb on the
compound action potentials in M. sexta ganglia in
comparison with DCJW indicates that indoxacarb
enters the ganglion much more slowly than does
DCJW. Based on the appearance of insect symptoms
concurrent with the appearance of high levels of met-
abolically formed DCJW in larval Lepidoptera (Wing
et al., 1998, 2000) and the greater potency and irre-
versibility of DCJW Na™ channel block, it appears
that the toxicologically significant compound after
indoxacarb or DPX-JW062 administration is DCMP
or DCJW, respectively.

2.4.9. Effects of SCBIs on Alternative Target Sites

Other possible target sites for SCBIs have been
considered. The voltage-gated Ca** channel o sub-
units belong to the same protein superfamily as the
voltage-gated Na* channels, and have a similar
structure, composed of 24 transmembrane segments
arranged into four domains of six segments each.
Not unexpectedly, Ca>* channels were also found
to be blocked by pyrazolines, although at higher
concentrations than Na™ channels (Zhang and
Nicholson, 1993; Zhang et al., 1996). So far, there
is no evidence that Ca®" channel effects are sig-
nificant in insect poisoning. In the initial work
on the pyrazolines, it was observed in paralyzed
cockroaches and M. sexta larvae that the heart
continued to beat normally, and conduction across
the cholinergic cercal-giant fiber synapses as well
as y-aminobutyric acid (GABA) and glutamate
synapses on muscle, all Ca*" channel-dependent pro-
cesses, functioned normally (Salgado, 1990). Further-
more, DCJW had no effect on low-voltage activated
and high-voltage activated calcium currents in iso-
lated cockroach neurons (Lapied et al., 2001).

A strong hyperpolarization of M. sexta muscle,
on the order of 20 mV, was observed after poisoning
by pyrazolines (Salgado, 1990). The effect was not
reversible with prolonged washing and could not
be reproduced by treatment with pyrazoline in solu-
tion, and therefore appears to be secondary and not
related to the hyperpolarization of DUM neurons
observed by Lapied et al. (2001). Muscles of Peri-
planeta or Musca were not hyperpolarized during
pyrazoline poisoning (Salgado, 1990).
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Table 3 Potency of indoxacarb to pest insects in the laboratory: larval ingestion and contact vs. adult contact

Insecticidal potency of indoxacarb (LCso values, ppm)

Direct spray contact

Insects Ingestion Larvae Adults?
Heliothis virescens 1.47 12.96 56
Helicoverpa zea 0.68 2.55

Spodoptera frugiperda 0.61 5.25

Spodoptera exigua 1.96 7.66

Trichoplusia ni 0.28 45
Plutella xylostella 3.69 30
Empoasca fabae 1.1

Cydia pomonella 7.68

Lygus lineolaris 1.46

4Toxicity measured with methylated seed oil (1%) or vegetable oil plus organosilicone surfactant (0.5%) at 7 days posttreatment.

2.5. Biological Potency of Indoxacarb

2.5.1. Spectrum and Potency of
Indoxacarb in the Laboratory

Laboratory assays show that lepidopteran, hemip-
teran, and homopteran pests are inherently very
sensitive to indoxacarb, and are significantly more
affected when indoxacarb is ingested (Wing et al.,
2000). When treated plant leaves were fed to a
variety of lepidopterous larvae, this resulted in
50% lethal concentration (LCsy) values ranging
from 0.3 to 7.7 ppm when evaluated 3 days post-
treatment (Table 3). These values are similar to
LCso values published by other researchers (Seal
and McCord, 1996; Pluschkell et al., 1998; Liu
and Sparks, 1999; Liu et al., 2002; Giraddi et al.,
2002; Smirle et al., 2002; Ahmad et al., 2003; Liu
et al., 2003), and indicates the high toxicity of
this compound to Lepidoptera. Indoxacarb halts
insect feeding within 4 h after ingestion. Insect mor-
tality generally takes place within 2—-4 days, and it
is critical to evaluate both mortality after 72 h and
feeding damage to assess the compound’s true effec-
tiveness. Trichoplusia, heliothines, and Spodoptera
are the most sensitive among the lepidopterans
while Plutella and Cydia are somewhat less sensi-
tive. Variation in activity among species may be due
to the rate of bioconversion of indoxacarb to the
active metabolite DCJW or to the amount of prod-
uct consumed. Insecticidal activity of indoxacarb
against the sucking insects Empoasca fabae and
L. lineolaris in the laboratory are similar to that
of the lepidoptera (Table 3). Lepidopteran adults
were also effected when they ingested a sugar
water solution with indoxacarb.

The ingestion activity of indoxacarb to lepidop-
teran larvae is about three to nine times greater
than its dermal contact activity (Table 3). For some

insects however, such as Lobesia botrana, the poten-
cy of the two modes of entry is almost equivalent
(Anonymous, 2000). Indoxacarb shows negligible
activity when insects walk on a dried residue, and
has no activity as a fumigant.

Indoxacarb was also significantly less active as
a direct contact spray to moths compared to lar-
vae; however, it is still effective. Directly spraying
lepidopteran moths with indoxacarb plus methy-
lated seed oil at 1% or a vegetable oil plus organo-
silicone surfactant at 0.5% resulted in LCjs values
ranging from 30 to 56 ppm for lepidopteran adults
at 7 days post treatment (Table 3). The ability of
indoxacarb to provide moth control or suppres-
sion in the field will contribute to overall pest
suppression.

Indoxacarb has inherent toxicity to select cole-
opteran (Parimi ef al., 2003), hemipteran (Lygus),
homopteran (Myzus, Empoasca, Nephotettix, Nila-
parvata), and dipteran (Chen et al., 2003) pests after
feeding on treated leaves or artificial diets (Wing
et al., 2000) (Table 3). Indoxacarb has low water
solubility; however, leaf penetration and trans-
laminar activity are responsible for controlling cer-
tain sucking pests and is enhanced by inclusion of
oil-based formulations or tank-mixed adjuvants.
Indeed, the compound is toxic in the field to plant-
bugs, fleahoppers, and leathoppers; however, it is
ineffective against species such as aphids because
of poor systemicity and low phloem oral bioavail-
ability. Overall, indoxacarb’s utility as a field insec-
ticide active against sucking insects is constrained
by its very limited systemicity, compared to many
neonicotinoids.

Indoxacarb exhibits ovilarvicidal activity on
Lepidoptera such as L. botrana, Eupoecilia ambi-
guella, Heliothis armigera, and Cydia pomonella
(Anonymous, 2000). Laboratory data indicates
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that the probable mechanism of ovilarvicidal activi-
ty is due to adsorption of indoxacarb into the
chorion and subsequent oral uptake as the neonate
chews through the chorion to hatch. Indoxacarb
directly sprayed onto the egg is more effective
than placed in a dried residual deposit on which
the eggs are laid.

2.5.2. Safety of Indoxacarb to Beneficial Insects

Beneficial insects walking over a dried residue
of indoxacarb on a leaf are generally unaffected,
as shown by Mead-Briggs et al. (1996) with the
hoverfly Episyrphus balteatus and predatory mite
Typhlodromus pyri. Indoxacarb is safe to the para-
sitoids Eurytoma pini, Haltichella rhyacioniae,
Bracon sp., and Macrocentrus ancylivorus (Nowak
et al., 2001), Cotesia marginiventris and Tricho-
gramma pretiosum (Ruberson and Tillman, 1999)
and for the predator G. punctipes (Tillman et al.,
1998). Williams et al. (2003), Musser and Shelton
(2003), Michaud and Grant (2003), Tillman et al.
(2001), and Baur et al. (2003) also reported the
safety of indoxacarb to beneficial insects. The insec-
ticidal selectivity of indoxacarb against herbivorous
pests is explained by Andaloro ef al. (2000). There is
little movement of product through the tarsi of
insects thus rendering carnivorous predators and
parasitic wasps largely insensitive to indoxacarb.
However, any insect behavior that culminates in
ingestion of the product, such as preening (ants),
probing (nabids), or lapping exudates from the leaf
(apple maggot flies) will impact insect survival.
Indoxacarb controls fire ants, Solenopsis spp., on
crops (Turnipseed and Sullivan, 2000) as a result of
ants preening their antennae and legs, and subsequent
ingestion of preened materials. Indoxacarb is for-
mulated on a 5-7 pum silica particle and may readily
adhere to the body of the insect through antennal
drumming behavior and general locomotory activity.

2.5.3. Sublethal Effects of Indoxacarb

Liu et al. (2002) observed numerous effects of
indoxacarb on the development of cabbage looper
(Trichoplusia ni) larvae feeding on field-aged leaf
residues 18-20 days old as well as on subsequent
pupae and emerging adults. These effects were also
documented on heliothine and Spodoptera species
fed on diet with indoxacarb at 0.1 and 0.01 ppm
(Andaloro, unpublished data). Larval development
was greatly extended compared to the untreated
check; survivors pupated 1-2 weeks later. Treated
larvae were much smaller than untreated larvae.
Some larvae could not molt or pupate properly,
with exuvia remaining attached and sometimes
severely restricting the body. Treated lepidopteran

larvae and Colorado potato beetle (Leptinotarsa
decemlineata) larvae sometimes are unable to dig
into the soil and thus pupate on top of the soil. In
the laboratory, lepidopteran adults emerging from
treated larvae often have abnormal wings or are
unable to fly. Liriomyza adults whose larvae were
exposed to leaves treated with sublethal doses of
indoxacarb emerged disoriented, stumbling, and
unable to fly (Leibee, unpublished data). There are
sufficient data indicating indoxacarb has significant
growth regulating effects on the larvae, pupae, and
adults of pest insect species observed which contrib-
ute to overall suppression of the field population.

2.5.4. Spectrum and Insecticidal Potency of
Indoxacarb in the Field

Indoxacarb is active against a wide spectrum of
insect pests from at least ten orders and well over
30 families (Table 4). Lepidopteran insects represent
the majority of pests on the indoxacarb label but
it is also used to control many species of plant bugs,
leafhoppers, fleahoppers, weevils, beetles, flies,
cockroaches, and ants. Ahmad et al. (2003), Brickle
et al. (2001), and Andaloro et al. (2001) documen-
ted the activity of indoxacarb against lepidopteran
pests on cotton, while Hammes et al. (1999),
Tillman et al. (2001), and Teague et al. (2000)
showed indoxacarb activity against hemipteran
pests of cotton. The rates of indoxacarb range
from approximately 40 to 125 gha~ ' active ingredi-
ent to control agricultural pests. These rate ranges
are very consistent regardless of environmental con-
ditions that can often cause degradation of perfor-
mance of other registered products. Indoxacarb
formulations are extremely stable to ultraviolet
radiation, pH, and temperature extremes, and have
a positive temperature correlation. Indoxacarb pro-
vides excellent rainfastness relative to most labeled
products (Flexner et al., 2000) providing growers
with additional flexibility and control at labeled
rates despite rainfall within hours after application.

Leaf penetration by indoxacarb not only results in
activity against leafhoppers and plant bugs, but also
pinworm, such as the tomato pinworm (Keiferia
lycopersicella) and the tomato leafminer (Tuta abso-
luta), and provides suppression of lepidopteran leaf-
miners such as the spotted tentiform leafminer
(Phyllonorycter blancardella) and the citrus leafmi-
ner (Phyllocnistis citrella). Indoxacarb is also active
against some dipteran leafminers such as Liriomyza
trifolii on tomato and other vegetable crops.

The rate range for nonagricultural pests, such as
structural, nuisance, or household pests ranges from
0.01% to 1.0% v/v concentration. Indoxacarb has
shown excellent activity when prepared in a bait
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Table 4 Spectrum of insects pests controlled by indoxacarb and range of indoxacarb rates for control?

Global field use

Selected insect

rate range® Insect orders families Selected representative genera
40-125¢g ha™’ Lepidoptera Arctiidae Estigmene
Crambidae Ostrinia, Diaphania, Hellula, Desmia, Herpetogramma, Loxostege, Pyrausta,
Maruca, Neoleucinodes
Gelechiidae Phthorimaea, Keiferia, Anarsia, Tuta
Geometridae Operophtera
Gracillariidae Phyllonorycter, Phyllocnistis
Hesperiidae Lerodea
Lasiocampidae Malacosoma
Lymantriidae Lymantra
Noctuidae Heliothus/Helicoverpa, Spodoptera, Trichoplusia, Agrotis, Autographa, Alabama,
Lithophane, Pseudoplusia, Mamestra, Chrysodeixis,
Orthosia, Earias, Plusia, Diparopsis, Mythimma, Sylepta, Thaumetopea
Plutellidae Plutella
Pieridae Pieris, Colias
Pyralidae Hyphantria, Hellula, Maruca, Ostrinia
Sphingidae Manduca
Tortricidae Capua, Lobesia, Endopiza, Cydia, Grapholita, Epiphyas, Cnephasia, Argyrotaenia,
Platynota, Eupoecillia, Sparganothis, Archips, Pandemis, Sasemia, Adoxophyes,
Diparopsis
Zygaenidae Harrisinia
40-125¢ ha™’ Coleoptera Anobiidae Lasioderma
Chrysomellidae  Diabrotica, Leptinotarsa, Chaetocnema
Curculionidae Hypera, Cryptophlabes, Anthonomus, Conotrachelus, Sitophilus, Phyllobius,
Curculio, Diaprepes, Peritelus
Tenebrionidae Rhizopertha
0.05-1% Hymenoptera  Formicidae Linepithemia, Camponotus, Solenopsis, Monomorium, Lasius, Atta
Diprionidae Hoplocampa
75-125gha™’ Hemiptera Miridae Lygus, Pseudatomoscelis, Creontiades, Tydia
40-125gha™" Homoptera Cicadellidae Empoasca, Typhlocyba, Erythroneura, Scaphoideus
50-100gha " Orthoptera Acrididae Schistocerca, Locusta
Gryllotalpidae Scapteriscus
0.1-1% Blattaria Blattellidae Blattella, Supella
Blattidae Periplaneta, Blatta
50-125gha”" Diptera Agromyzidae Liriomyza
0.01-0.1% Culicidae Anopheles
0.01-0.1% Muscidae Musca
75-125¢g ha™’ Tephritidae Rhagoletis
0.09-0.5% Isoptera Rhinotermitidae  Reticulitermes
0.1-1% Thysanura Lepismatidae Lepisma

2The majority of these insects are on indoxacarb labels or development work is ongoing to include them on labels, or sufficient data
exists indicating the activity of indoxacarb. The list of insect families and genera is not inclusive of the total insect control activity of

indoxacarb.

®|ndoxacarb rates are expressed in grams of active ingredient per hectare or percent of active ingredient published on global
labels or used in laboratory and field experiments to achieve a high level of insect mortality.

against German cockroaches (Blattella germanica)
(Appel, 2003) and fire ant species (Barr, 2003;
Patterson, 2003). However, the suspension concen-
trate formulation is also effective against certain
roach, ant, fly, silverfish, and termite species when
the pest is sprayed directly or as a surface or soil
residual spray.

2.5.5. Indoxacarb and Insecticide Resistance

Indoxacarb is highly active against insect pest spe-
cies that are already resistant to other insecticide

classes. This has been demonstrated in the housefly
(Musca domestica) resistant to spinosad (Shono and
Scott, 2003) and organophosphates (Sugiyama et al.,
2001); tobacco budworm (Heliothis virescens) re-
sistant to spinosad (Young et al., 2001); German
cockroach resistant to pyrethroids (Appel, 2003;
Dong, unpublished data); tortricid leafrollers resis-
tant to organophosphates (Olszak and Pluciennik,
1998); cotton bollworm (H. armigera) resistant to
cyclodienes, organophosphates, carbamates and
pyrethroids (Ahmad et al., 2003); diamondback
moth (Plutella xylostella) resistant to several
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conventional chemistries and spinosad (Boyd, 2001);
beet armyworm (Spodoptera exigua) resistant to pyre-
throids, organophosphates, and benzoylurea insect
growth regulators (Eng, 1999); and H. virescens resis-
tant to multiple conventional chemistries (Holloway
etal., 1999).

It is likely that the insects mentioned above are
resistant to conventional insecticides due to a varie-
ty of mechanisms, including increased metabolism,
decreased penetration and target site insensitivity.
Because indoxacarb is bioactivated via esterase/
amidase enzymes, overproduction of esterases in
insects resistant to organophosphates or pyrethroids
could lead to faster liberation of the active toxin
DCMP than in nonresistant insects. This suggests
that resistant insects may in fact develop a negative
cross-resistance to indoxacarb, as has been observed
in laboratory strains of H. armigera (Gunning and
Devonshire, 2003). However, it is important to note
that we have no clear evidence thus far for negative
cross-resistance to indoxacarb in the field, indi-
cating the speed and ease with which susceptible
Lepidoptera can bioactivate indoxacarb. The aggre-
gate resistance data also indicate that insects with
increased resistance to conventional chemistries also
have highly sensitive Na™ channel DCMP binding
sites, as would be expected since there has been
no previous exposure to commercial SCBIs in the
field. Thus, indoxacarb is an excellent rotation
partner for alternating modes of action in insect
resistance management programs.

As has been mentioned, certain field strains of
C. rosaceana, which have developed resistance to
many conventional insecticides, are also poorly sen-
sitive to indoxacarb (Ahmad ef al., 2002). This may
be due to an enhanced ability to detoxify indoxa-
carb; however, this insect is not on the indoxacarb
US label and is an extremely unusual example of
such poor susceptibility in Lepidoptera.

Insect pests representing eight species (H. vires-
cens, H. armigera, S. exigua, S. eridania, S. littoralis,
P. xylostella, and T. absoluta) in over 20 countries
have been targeted for a sustained susceptibility
monitoring program by DuPont Agricultural Pro-
ducts (Andaloro, unpublished data). These popula-
tions are evaluated by a feeding assay throughout
each season in locations that have a history of
insecticide resistance, and where a significant num-
ber of indoxacarb applications are made, so that
early signs of resistance can be detected before wide-
spread field failures occur. This proactive approach
to indoxacarb resistance management is beneficial
not only for preservation of this product in key
markets, but also to maintain its usefulness as a
rotation partner, thus promoting the longevity of

other products with different modes of action, and
thus ultimately benefiting the agricultural field in
general.

2.6. Conclusions

In summary, indoxacarb is the first insecticide prod-
uct that acts by blocking the voltage-dependent
Na* channel at site 10. The mode of action of
this novel SCBI class was determined by sequential
observation of poisoned insect symptoms, electro-
physiology (starting with intact neuronal prepara-
tions and progressing towards more targeted ion
channel techniques), and confirmation with Na™
flux and biochemical radioligand binding techni-
ques. It is believed that this approach is the most
direct and elegant to determine the mode of action
of insect neurotoxins, as opposed to testing the
toxin in broad panels of specific target site bio-
chemical assays and trusting that positive responses
are indicative of toxicologically significant modes
of action. Thus far no qualitative difference has
been observed in the mode of action of the sub-
classes of the SCBIs. Indoxacarb itself is able to
bind to Na™ channels, but the main toxicologically
active principle is the insect bioactivation metabo-
lite DCMP. SCBIs appear to bind to a novel site,
which appears to correspond to site 10 within the
channel pore, and have almost no effect on resting
Na™ channels, so that in axons that normally have
a very negative resting potential, they exert no
effect unless the cell is artificially depolarized.
Alternatively, sensory neurons and certain pace-
making neurons in the CNS generate action poten-
tials in a region of the cell with a relatively low
resting potential, where currents flowing through
the cell membrane depolarize it, giving rise to trains
of action potentials at a frequency that is dependent
on membrane potential. Because the Na™* channels
in these regions are continually shuttling through
the inactivated state, and are even, because of the
low resting potential, spending a significant amount
of time in the inactivated state, they are highly sus-
ceptible to compounds such as the SCBIs, which
bind to the inactivated state. Inactivation is volt-
age-dependent, and at any given potential there
is a dynamic equilibrium between inactivated and
resting channels. As inactivated channels become
bound to the active compound, they are removed
from this equilibrium, with the result that more
channels become inactivated to take their place in
the equilibrium. In a sense, SCBIs pull channels into
the inactivated state. While local anesthetics can
access their binding site via an aqueous pathway
from the internal solution as well as via a lipid
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pathway, SCBIs may have access only via the lipid
pathway.

Ata physiological level, the very slow off-rate of the
receptor-bound SCBI (as evidenced by extremely slow
washout in electrophysiology) may be largely respon-
sible for the irreversible feeding inhibition seen in
poisoned insects. Since this occurs at very low doses
of indoxacarb in lepidopteran larvae, it is likely that
in pseudoparalyzed insects only a relatively small
proportion of total Na* channels is poisoned. Thus
once DCJW is pseudoirreversibly bound to the slow
inactivated state, return of the Na™ channel to the
unpoisoned inactivated state is very slow, which
helps explain the high potency of indoxacarb/DCMP
in halting insect feeding.

Indoxacarb was designed as a proinsecticide to
confer favorable environmental degradation and
mammalian safety, while maintaining high levels
of insecticidal activity. Proinsecticide design is a
common strategy to enhance insecticide selectivity
(Prestwich, 1990). The enzymatic cleavage in pest
insects via N-decarbomethoxylation is a novel
insecticide bioactivation. The divergent indoxacarb
metabolic pathways (insects primarily to N-decarbo-
methoxylated sodium channel blockers, while mam-
mals degrade the compound primarily via other routes
leading to multiple inactive metabolites) ensures a
high degree of nontarget organism safety, a critical
feature for modern insecticides.

Also, since hydrolytic esterases are largely respon-
sible for the bioactivation, it is likely that insects
that have become resistant to pyrethroids and orga-
nophosphates via induction of detoxifying esterases
may in fact liberate DCMP more rapidly than
susceptible insects. Because of this feature, and
DCMP’s novel Na™ channel target site, accumulated
field evidence shows that indoxacarb is generally
highly active against insects resistant to these other
commercial insecticide classes, and is thus an excel-
lent insect pest management tool. This includes the
pyrethroids and DDT, which bind to a different
site on the voltage-gated Na™ channel.

These properties have contributed to indoxacarb’s
strong potency in the field against Lepidoptera and
some other pest orders. The bioavailability char-
acteristics of indoxacarb make it ideal for foliar
applications, where a surface residue of a strong
chewing insect compound is desired. Its limited
leaf penetration allows control of some Homoptera,
some Hemiptera and both lepidopteran and dipter-
an leafminers, and its broad spectrum also con-
fers activity against many nonagricultural pests
such as termites, cockroaches, and certain ants. How-
ever, as with any new insecticide class, proactive

resistance management is key to ensuring the main-
tenance of this compound and its target site of
action as effective pest management tools.
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Since the publication of the main chapter, a second
sodium channel blocker insecticide (SCBI) of the
semicarbazone subclass (Figure 2D of the original
chapter) has reached the market. Optimization of
the semicarbazones, which can be thought of as
ring-opened pyrazolines, led to metaflumizone
(Takagi et al., 2007; Figure A1), which is being
codeveloped globally by Nihon Nohyaku Co., Ltd,
BASF SE, and Pfizer Animal Health, a business unit
of Pfizer Inc. Metaflumizone provides good to ex-
cellent control of most economically important Lep-
idoptera pests and certain pests in the orders
Coleoptera, Hemiptera, Hymenoptera, Diptera, Iso-
ptera, and Siphonaptera (BASE, 2007). Metaflumi-
zone provides long-lasting control of fleas on
companion animals with a single spot-on applica-
tion and is being marketed for this use under the
trade name Promeris by Pfizer Animal Health (Rugg
and Hair, 2007). The mechanism of action of meta-
flumizone as a sodium channel blocker with selec-
tivity for the slow-inactivated state was confirmed
by Salgado and Hayashi (2007).

State-dependent block of sodium channels by
indoxacarb and its N-decarbomethoxyllated metab-
olite (DCJW) was demonstrated for the first time in
insect sodium channels by Zhao et al. (2005). State-
dependent binding of DCJW and RH-3421 to the rat
Na, 1.4 sodium channel was confirmed, and it was
also shown that the anticonvulsant phenytoin
decreased the potency of DCJW and RH-3421.
This supports the earlier studies demonstrating
competitive interactions between SCBIs and local
anesthetics (LAs) in *H-BTX-B binding assays dis-
cussed in Sect. 6.2.4.5 and the hypothesis that the
SCBI binding site on the sodium channel overlaps
that of local anesthetics and anticonvulsants (Silver
and Soderlund, 2005b).

Three recent studies examine how variation in volt-
age dependence of slow inactivation among sodium
channel variants affects sensitivity to SCBIs. Zhao
et al. (2005) identified two types of TTX-sensitive
sodium currents in American cockroach neurons,

with large differences in the half-point potentials of
fast and slow inactivation and a corresponding differ-
ence in the sensitivity to DCJW and indoxacarb. Fur-
thermore, Song et al. (2006) identified a variant of the
German cockroach BgNa,1 sodium channel with a
lysine to glutamate substitution (K1689E) in D454
that caused a large negative shift of the half-point
potentials of both fast and slow inactivation and a
corresponding increase in sensitivity to DCJW. Simi-
larly, a valine to lysine substitution (V787K) in D2S6
of the rat Na,1.4 sodium channel caused a large
negative shift in the voltage dependence of slow inac-
tivation and a corresponding increase in sensitivity to
DCJW and RH-3421 (von Stein and Soderlund,
2009). In all of these studies, each of the sodium
channel variants was sensitive to SCBIs only at poten-
tials in the range where gating occurs, lending support
to the state-dependent binding hypothesis.
Significant advances in mapping the SCBI binding
site with site-directed mutagenesis have been made
in the last 5 years (reviewed by Silver et al., 2009b).
These studies have confirmed that the SCBI binding
site overlaps the LA binding site and also show that
different residues are involved in binding these two
groups of compounds. Work so far has focused on
residues phenylalanine F13 and tyrosine Y20 in
D4S6 (Figs. 11 and 12 of the original chapter),
which are particularly important in the binding of
local anesthetics. Silver and Soderlund (2007), using
the rat Na,1.4 sodium channel expressed in Xeno-
pus oocytes, found that alanine substitution at F13
significantly reduced sensitivity to block by DCJW
and RH-3421. Substitution of other amino acids at
this position showed that an aromatic side chain is
required for high potency of local anesthetics (Li et
al., 1999), and this residue may be important for
aromatic—aromatic interactions with SCBIs in the
rat Na,1.4 sodium channel. Silver and Soderlund
(2007) found that alanine substitution of Y20 in
rat Na,1.4 channels increased their sensitivity to
DCJW and RH-3421 58-fold and 16-fold respec-
tively, and modestly increased the sensitivity to
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Figure A1 Chemical evolution of the semicarbazone metaflumizone from pyrazolines.

indoxacarb. Thus, while providing important pi-
electron interactions for local anesthetics, the aro-
matic residue at Y20 in D4S6 might hinder access of
SCBIs to their binding site. In the German cock-
roach sodium channel variant BgNa,1-1A, alanine
substitution at positions F13 and Y20 of D4S6 had
somewhat different effects on the action of SCBIs
(Silver et al., 2009a). F13A substitution in the cock-
roach channel did not change its sensitivity to
indoxacarb or DCJW, and made it hypersensitive
to metaflumizone. Furthermore, this mutation
greatly accelerated recovery of the channels from
block by metaflumizone. Therefore, in contrast to
its role in the rat Na,1.4 channel in the binding of
LAs and SCBIs, the phenyl functional group at posi-
tion F13 in D4S6 does not appear to participate in
the binding of SCBIs in BgNa,1-1A channels, and
may in fact hinder the access of metaflumizone (but
not DCJW) to its binding site. As mentioned above,
alanine substitution of Y20 in D4S6 of rat Na,1.4
sodium channels increased sensitivity to DCJW 58-
fold (Silver and Soderlund, 2007). The
corresponding mutation increased the sensitivity of
BgNa,1-1A channels 13-fold to DCJW and 11-fold
to metaflumizone. Thus, the aromatic side chain at
position 20 of D4S6, while crucial for local anes-
thetic binding, does not appear to participate in
binding interactions with SCBIs, and in fact seems
to hinder access of SCBIs to their binding site in both
insect and mammalian sodium channels.

In conclusion, while F13 of D4S6 is important for
binding of both LAs and SCBIs in the rat Na,1.4
channel, it does not affect binding of DCJW in the
BgNa,1-1A channel, and in fact hinders access of
metaflumizone to the binding site. Y20 in D4S6,
while crucial for LA binding, hinders access of
SCBIs to their site in both insect and mammalian
channels. The fact that residues involved in local
anesthetic binding sometimes antagonize binding
of SCBIs suggests that the SCBI and LA binding

sites overlap, but that the binding energy of SCBIs
comes in part from different residues, which have
yet to be identified.
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3.1. Introduction

The discovery of neonicotinoids as important novel
pesticides can be considered a milestone in insec-
ticide research of the past three decades. Neo-
nicotinoids represent the fastest-growing class of
insecticides introduced to the market since the
commercialization of pyrethroids (Nauen and
Bretschneider, 2002). Like the naturally occurring
nicotine, all neonicotinoids act on the insect central
nervous system (CNS) as agonists of the postsynap-
tic nicotinic acetylcholine receptors (nAChRs) (Bai
et al., 1991; Liu and Casida, 1993a; Yamamoto,
1996; Chao et al., 1997; Zhang et al., 2000; Nauen
et al., 2001), but, with remarkable selectivity and
efficacy against pest insects while being safe for
mammals. As a result of this mode of action there
is no cross-resistance to conventional insecticide
classes, and therefore the neonicotinoids have begun
replacing pyrethroids, chlorinated hydrocarbons,

organophosphates, carbamates, and several other
classes of compounds as insecticides to control in-
sect pests on major crops (Denholm er al., 2002).
Today the class of neonicotinoids are part of a single
mode of action group as defined by the Insecticide
Resistance Action Committee (IRAC; an Expert
Committee of Crop Life) for pest management
purposes (Nauen et al., 2001).

Neonicotinoids are potent broad-spectrum in-
secticides possessing contact, stomach, and systemic
activity. They are especially active on hemipteran
pest species, such as aphids, whiteflies, and planthop-
pers, but they are also commercialized to control
coleopteran and lepidopteran pest species (Elbert
et al., 1991, 1998). Because of their physicochemi-
cal properties they are useful for a wide range of
different application techniques, including foliar,
seed treatment, soil drench, and stem application in
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several crops. Due to the favorable mammalian safe-
ty characteristics (Matsuda et al., 1998; Yamamoto
et al., 1998; Tomizawa et al., 2000) neonicotinoids
like imidacloprid are also important for the con-
trol of subterranean pests, and for veterinary use
(Mencke and Jeschke, 2002).

3.2. Neonicotinoid History

In the early 1970s, the former Shell Development
Company’s Biological Research Center in Modesto,
California, invented a new class of nitromethylene
heterocyclic compounds capable of acting on the
nAChR. Starting with a random screening to discov-
er lead structures from university sources, Shell
detected the 2-(dibromo-nitromethyl)-3-methyl pyr-
idine (SD-031588) (Figure 1) from a pool of chemi-
cals from Prof. Henry Feuer of Purdue University
(Feuer and Lawrence, 1969), which revealed an unex-
pected low-level insecticidal activity against housefly
and pea aphid.

Further structural optimization of this insecticide
lead structure led to the active six-membered
tetrahydro-2-(nitromethylene)-2 H-1,3-thiazine, nithia-
zine (SD-03565, SKI-71) (Soloway et al., 1978, 1979;
Schroeder and Flattum, 1984; Kollmeyer et al., 1999).
The molecular design by Shell appears rational and
straightforward. The chemistry had been largely con-
centrated on the nitromethylene enamine skeleton
(Kagabu, 2003a). Today, this early prototype can be
considered as the first generation of the so-called neo-
nicotinoid insecticides (Figure 2). Nithiazine showed
higher activity than parathion against housefly adults
(Musca domestica), and 1662 times higher activity
against the target insect, the lepidopteran corn
earworm larvae (Helicoverpa zea), combined with
good systemic behavior in plants and low mammalian
toxicity (Soloway et al., 1978, 1979; Kollmeyer et al.,
1999; Tomizawa and Casida, 2003). However, due to

the photochemically unstable 2-nitromethylene chro-
mophore (Figure 3) in the field tests, nithiazine was
never commercialized for broad agricultural use
(Soloway et al., 1978, 1979; Kagabu and Medej,
1995; Kagabu, 1997a; Kollmeyer et al., 1999). Alter-
natively, photostabilization using the formyl moiety
was not adequate for practical application (Kollmeyer
et al., 1999). Nevertheless, a knock-down fly prod-
uct against M. domestica containing nithiazine as
the active ingredient of a housefly trap device for
poultry and animal husbandry has recently been
commercialized (Kollmeyer et al., 1999).

In the early 1980s synthesis work was initiated
at Nihon Tokushu Noyaku Seizo K. K. (presently
Bayer CropScience K. K.) on the basis of this first
remarkable neonicotinoid lead structure and the
unique insecticidal spectrum of activity (Kagabu
et al., 1992; Moriya et al., 1992). Instead of the
lepidopteran larva H. zea, the target insect for
studying structure—activity relationships (SARs) and
optimizing biological activity was the green rice
leafthopper (Nephotettix cincticeps), because it is a
major hemipteran pest of rice in Japan (Kagabu,
1997a). At the beginning of the project, a new
pesticide screening method using rice seedlings was
developed for continuous monitoring of the com-
bined systemic and contact activities of compounds
over 2 weeks against leafthoppers and planthoppers
(Sone et al., 1995).

The six-membered 2-(nitromethylene)-tetrahydro-
1,3-thiazine ring was replaced with different
N'-substituted N-heterocyclic ring systems. Starting
with 1-methyl-2-(nitromethylene)-imidazolidine, it
was found that the activity depends on ring
size (§>6>7-ring system). The N'-benzylated
2-(nitromethylene)-imidazolidine 5-ring was the
most active one. Introduction of substituted benzyl
residues in the 1-position, like the para-chlorobenzyl
moiety, and of nitrogen-containing N-hetarylmethyl

16701978 (Shel) Compound Toxicity index (T1)2
= Shell no. E Pea aphid  Corn earworm
N Me = HN\H/E SD-031588 5 0
CBrNO, CHNo, SD-03:420 CH, -3 155
SD-035347 NH 52
SD-031588 SD-035651 s 24 1662

Nithiazine (SKI-71)

aT] = (LCy, parathion/LCy, test compound) X 100.

Figure 1

Development of nithiazine (SKI-71) by Shell. (Data from Kollmeyer, W.D., Flattum, R.F., Foster, J.P., Powel, J.E.,

Schroeder, M.E., et al., 1999. Discovery of the nitromethylene heterocycle insecticides. In: Yamamoto, |., Casida, J.E. (Eds.),
Neonicotinoid Insecticides and the Nicotinic Acetylcholine Receptor. Springer, New York, pp. 71-89 and Kagabu, S., 2003a.
Molecular design of neonicotinoids: past, present and future. In: Voss, G., Ramos, G. (Eds.), Chemistry of Crop Protection: Progress
and Prospects in Science and Regulation. Wiley—-VCH, New York, pp. 193-212.)
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Pharmacophores
[—N—C(E)=X—Y]

Structure type

Ring system
(R*—R2, R=—Z—R?2)

Noncyclic structure
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(nitromethylenes)
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@Year of the first patent application (priority date) covering the insecticide.

Figure 2 Chemical structures of the first generation neonicotinoid nithiazine and commercialized neonicotinoids displaying the
different types of pharmacophors. CPM, 6-chloro-pyrid-3-ylmethyl; CTM, 2-chloro-1,3-thiazol-5-ylmethyl; TFM, (+)-6-tetrahydro-fur-
3-ylmethyl. (Reproduced with permission from Jeschke, P., Schindler, M., Beck, M., 2002. Neonicotinoid insecticides: retrospective
consideration and prospects. Proc. BCPC: Pests and Diseases 1, 137—-144.)

Cl
) g
HN_ S N [\
Y NYNH
CH-NO, X-NO,
Nithiazine (NTN32692) (NTN33893) Imidacloprid
(SKI-71) X=—CH= X=—N=
Amax (NM) 343 323 269
Water solubility (gl-1 at 20°C) 200 3.4 0.57
LCgy (ppm) 40 0.32 0.32

Figure 3 Electronic absorption (Amax in NmM), water solubility (g1~" at 20°C), and insecticidal efficacy (ppm) of nithiazine (SKI-71),
nitromethylene (NTN32692), and imidacloprid (NTN33893) against green rice leafhopper (Nephotettix cincticeps). LCgg, concentration

at which >90% of insects are killed (Mencke and Jeschke, 2002).

residues, like the pyrid-3-ylmethyl moieties,
enhanced the insecticidal activity by a factor of 5
and 25 when compared with the N'-benzylated
2-(nitromethylene)-imidazolidine (Kagabu, 1997a).
Yamamoto had previously recognized that the pyrid-
3-ylmethyl residue was an essential moiety for
insecticidal activity, by referring to the nAChR
agonist model of Beers and Reich (1970), and
thus synthesized a number of pyrid-3-yl-amines
(Yamamoto and Tomizawa, 1993).

This chemical optimization procedure led to
discovery of 1-(6-chloro-pyrid-3-ylmethyl)-2-nitro-
methylene-imidazolidine (NTN32692), which had
over 100-fold higher activity than nithiazine against
N. cincticeps (using a strain resistant to organophos-
phorus compounds, methylcarbamates, and pyre-
throides) (Kagabu et al., 1992; Moriya et al., 1992).
However, the 2-nitromethylene chromophore of
NTN32692 absorbs strongly (Figure 3) in sunlight
(wavelength 290-400 nm), and rapidly decomposes
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(ii) | Het

(i) Ring systems (R'—R2, R'—Z—R?2; Z = O, NMe) or
noncyclic structures (R, R2)

} (i) Heterocyclic N-substituents
= [Het—CHR—; R = H > alkyl], e.g., CPM, CTM, and TFM

iii
® (iii) Different types of pharmacophores [—N—C(E)=X—Y]
e.g., nitroenamines F-N—C(E)=CH—NO,] with E = S, N;
nitroguanidines [—N—C(N)=N—NO;] with E = N; and

cyanoamidines [—N—C(E)=N—CN] with E = S, Me

Structure of Het-CHR- Chemical name of this moiety Abbreviation
cl—@cnz— 6-Chloro-pyrid-3-ylmethy- CPM

=

B
CE/Q}CHQ— 2-Chloro-1,3-thiazol-5-ylmethyl- ~ CTM
DQ—CHZ— (*=)-6-Tetrahydro-fur-3-yimethyl-  TFM

Figure 4 Structural segments for neonicotinoids.

in the field to noninsecticidal compounds. In order
to avoid absorption of sunlight, a more stable func-
tional group was necessary. After preparation of
about 2000 compounds, imidacloprid (NTN33893)
containing a 2-(N-nitroimino) group (see Section
3.3.1.1), the first member of the second-generation
neonicotinoids, emerged from this project (Elbert
et al., 1990, 1991; Bai et al., 1991; Nauen et al.,
2001). The presence of an N-nitroimino group at
the 2-position of the imidazolidine ring makes little
difference to insecticidal activity compared with
compounds that contain a nitomethylene group
at this position, but the presence of =N—-NO,
significantly reduces affinity for the receptor (Liu
et al., 1993b; Tomizawa and Yamamoto, 1993;
Yamamoto et al., 1998). This suggests that the
reduction in binding, resulting from the presence of
the nitrogen atom at the 2-position, is compensated
by the increase in hydrophobicity, which enhances
transport to the target sites (Yamamoto et al., 1998;
Matsuda et al., 2001). Compared with nithiazine,
the biological efficacy of imidacloprid against the
green rice leathopper could be enhanced 125-fold.
Furthermore, imidacloprid is about 10000-fold
more insecticidal than (S)-nicotine, a natural insecti-
cide (Tomizawa and Yamamoto, 1993; Yamamoto
et al., 1995). This breakthrough to the novel system-
ic insecticide imidacloprid was achieved by coupling
a special heterocyclic group, the 6-chloro-pyrid-3-
ylmethyl (CPM) residue (Figure 4), to the 2-(N-
nitroimino)-imidazolidine building-block, new in
this class of chemistry.

With the introduction of the insecticide imidaclo-
prid to the market in 1991 Bayer AG began a suc-
cessful era of the so-called CNI™Ss (chloronicotinyl

insecticides syz. neonicotinoids), a milestone in
insecticide research. Imidacloprid has, in the last
decade, become the most successful, highly effec-
tive, and best selling insecticide worldwide used for
crop protection and veterinary pest control.

In connection with these excellent results, a par-
allel change to other electron-withdrawing substitu-
ents like 2-N-cyanoimino, having essentially shorter
maximum electronic absorptions than 290 nm, led to
the discovery of thiacloprid (see Section 3.3.1.2), a
second member of the CNI group. Attracted by
Bayer’s success with imidacloprid, several different
companies such as Takeda (now Sumitomo Chemical
Takeda Agro), Agro Kanesho, Nippon Soda, Mitsui
Toatsu (now Mitsui Chemicals, Inc.), Ciba Geigy
(now Syngenta), and others initiated intensive
research and developed their own neonicotinoid
insecticides. Research in these companies was
facilitated because neonicotinoid chemistry showed
a relatively broad spectrum of activity (Wollweber
and Tietjen, 1999; Roslavtseva, 2000). Since the mar-
ket introduction of imidacloprid, neonicotinoids
have become the fastest-growing class of chemical
insecticides. This tremendous success can be
explained by their unique chemical and biological
properties, such as broad-spectrum insecticidal activ-
ity, low application rates, excellent systemic charac-
teristics such as uptake and translocation in plants,
new mode of action, and favorable safety profile.

3.3. Chemical Structure of
Neonicotinoids

In general, all these commercialized or devel-
oped compounds can be divided into ring systems
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containing neonicotinoids, and neonicotinoids hav-
ing noncyclic structures which differ in their molecu-
lar characteristics. Structural requirements for
both ring systems containing neonicotinoids and
neonicotinoids having noncyclic structures consist
of different segments (Nauen et al., 2001): the bridg-
ing fragment [R'—R?] (i) and for the noncyclic type
compounds, the separate substituents [R!, R?|
(i), the heterocyclic group [Het] (ii), the bridging
chain [-CHR~—] and the functional group [=X-Y]
as part of the pharmacophore [-N—C(E)=X-Y]
(iii) (Figures 2 and 4, Table 1).

The methylene group is normally used as the
bridging chain (—CHR— with R = H). Other groups
such as an ethylene or substituted methylene group
decrease the biological activity. The pharmacophore
(iii) can be represented by the group [-N—C(E)
=X—Y], where =X—Y is an electron-withdrawing
group and E is a NH, NR’, CH,, O, or S moiety. It is
well known that the pharmacophore type influences
the insecticidal activity of the neonicotinoids. In
general, the greatest insecticidal activity is observed
for the compounds containing the nitroenamine
(nitromethylene) [-N—C(E)=CH—-NO,; E=S, N],
nitroguanidine [-N—C(E)=N—-NO,; E=N], or
cyanoamidine [-N—C(E)=N—-CN; E=S, CHs]
pharmacophore (Shiokawa et al., 1995). Besides its
influence on biological activity, the pharmacophore
is also responsible for some specific properties such
as photolytic stability, degradation in soil, metabo-
lism in plants, and toxicity to different animals
(Kagabu et al., 1992; Moriya et al., 1992; Minamida
et al., 1993; Tomizawa and Yamamoto, 1993;
Shiokawa et al., 1994; Tabuchi et al., 1994).

The term “neonicotinoid” (Yamamoto, 1998,
1999) was originally proposed for imidacloprid
and related insecticidal compounds with structural
similarity to the insecticidal alkaloid (S)-nicotine,
which has a similar mode of action (Tomizawa and
Yamamoto, 1993; Tomizawa and Casida, 2003). In
addition, a variety of terms have been used to subdi-
vide this chemical class based on structural fragments
(Figure 4): (a) chloronicotinyls (CNIs, heterocyclic
group CPM) (Leicht, 1993), (b) thianicotinyls
(heterocyclic group CTM) (Maienfisch et al.,
1999a), (c) furanicotinyls (heteroalicyclic group,
TFEM) (Wakita et al., 2003), (d) nitroimines or nitro-
guanidines, (e) nitromethylenes, (f) cyanoimines (fun-
ctional group as part of the pharmacophore), (g) first
generation with moiety CPM, (h) second generation
with moiety CTM or TFM (Maienfisch et al., 1999a,
2001b), and third generation with moiety TFM
(regarding the type of the heterocyclic group)
(Wakita et al., 2003).

3.3.1. Ring Systems Containing
Commercial Neonicotinoids

Ring systems containing neonicotinoids can have as
bridging fragment [R'—R?] (i) an alkylene group in
the building-block, e.g., ethylene for imidacloprid
and thiacloprid (five-membered ring systems) which
can also be interrupted by heteroatoms like oxygen
(six-membered ring systems) as shown in the case of
thiamethoxam.

3.3.1.1. 1-[(6-Chloro-3-pyridinyl)-methyl]-N-nitro-
2-imidazolidinimine (imidacloprid, NTN
33893) Imidacloprid was discovered in 1985 as
a novel insecticide with a unique structure and
with hitherto unrecognized insecticidal performance
(Moriya et al., 1992, 1993; Kagabu, 1997a, 2003a).
The trade names for soil application/seed treatment
are Admire™ and Gaucho® and the trade names for
foliar application are Confidor® and Provado™, while
for termite control it is Premise® (see Section 3.10).

The first laboratory synthesis was carried out
by reduction of 6-chloronicotinoyl chloride to
2-chloro-5-hydroxymethyl-pyridine using an excess
NaBH, in water, and conversion to the chloride
by SOCI,. Imidacloprid was obtained by the coupling
reaction of 2-chloro-5-chloromethyl-pyridine (CCMP)
(Diehr et al., 1991; Wollweber and Tietjen, 1999)
with the 5-ring building-block 2-nitro-imino-imida-
zolidine, in acetonitrile with potassium carbonate
as base. This method was also successfully applied
to the synthesis of [*’H]imidacloprid using NaB[*H],
(Latli et al., 1996).

Differences in photostability between the 2-nitro-
methylene group in compound NTN32692 (Apax =
323nm) and the 2-(N-nitroimino) group in imida-
cloprid (Apax =269 nm) (Figure 3) were examined
by quantum chemical methods like AM1 and ab
initio calculations (Kagabu, 1997a; Kagabu and
Akagi, 1997). Crystallographic analysis of imidaclo-
prid revealed a coplanar relationship of the imidazo-
lidine 5-ring to the nitroimino group in position 2
(Born, 1991; Kagabu and Matsuno, 1997). Shorter
ring C—N bond lengths and longer exocyclic C=N
bond lengths were observed, suggesting the forma-
tion of a planar electron delocalized diene system, a
so-called push—pull olefin (Kagabu and Matsuno,
1997). An intramolecular hydrogen bond between
'NH. - -0,N—N=C? was confirmed by characteris-
tic resonances in the nuclear magnetic resonance
(NMR) spectra (correlation spectroscopy (COSY),
nuclear overhauser enhancement spectroscopy
(NOESY)). In addition, the infrared (IR) spectrum
showed a highly chelated "NH absorption by intense
bands at 3356 and 3310 cm ™! (Kagabu ez al., 1998).



Table 1 Chemical classification of nithiazine and commercialized neonicotinoids

Scientific name Molecular
CAS registry Development ~ Empirical weight
Common name IUPAC name Chemical Abstracts name no. codes formula (gmol~")
Nithiazine 2-Nitromethylene-1,3-thiazinane Tetrahydro-2-(nitromethylen)-2H-1,3-thiazine [58842-20-9] SD-0356517 CsHgN,0,S 160.2
IN-A0159°
Imidacloprid 1-(6-Chloro-3-pyridylmethyl)-N- 1-[(6-Chloro-3-pyridinyl)-methyl]-N-nitro-2- [138261-41-3] NTN 33893 CgH10CIN5O2 255.7
nitroimidazolidin-2-ylidenamine imidazolidinimine
Thiacloprid N-[3-(6-Chloro-pyridin-3-ylmethyl)-thiazolidin-2- Cyanamidine, [3-[(6-chloro-3-pyridinyl)methyl-2- [111988-49-9] YRC 2894 C10HoCINGS 252.8
ylidene]-cyanamide thiazolidinylidene]
Thiamethoxam 3-(2-Chloro-thiazol-5-yImethyl)-5-methyl-1,3,5- 3-[(2-Chloro-5-thiazolyl)methyl]tetrahydro-5- [153719-23-4] CGA293'343  CgH1oCINsO3S 2917
oxadiazinan-4-ylidene (nitro)amine methyl-N-nitro-4H-1,3,5-oxadiazin-4-imine
Nitenpyram (E)-N-(6-Chloro-3-pyridylmethyl)-N-ethyl-N’'- N-[(6-Chloro-3-pyridinyl)methyl]-N-ethyl-N'-methyl- [120738-89-8] TI-304 C11H45CIN4O2 270.7
methyl-2-nitrovinylidenediamine 2-nitro-1,1-ethenediamine [150824-47-8]
(E-isomer)
Acetamiprid (E)-N"-[(6-Chloro-3-pyridyl)methyl]-N*-cyano- (E)-N-[(6-chloro-3-pyridinyl)methyl]-N'-cyano-N- [135410-20-7] NI-25 C1oH11CINy4 222.7
N'-methyl-acetamidine methyl-ethanimidamide
Clothianidin (E)-1-(2-Chloro-1,3-thiazol-5-yImethyl)-3- [C(E)]-N-[(2-Chloro-5-thiazolyl)methyl]-N'-methyl- [210880-92-5] TI-435 CsHgCIN50,S 249.7
methyl-2-nitroguanidine N"-nitroguanidine
(+)-Dinotefuran (RS)-1-methyl-2-nitro-3-(tetrahydro-3- N-Methyl-N'-nitro-N"-[(tetrahydro-3- [165252-70-0] MTI 446 C,H14N4O3 202.2

furylmethyl)guanidine

furanyl)methyl]guanidine

aShell/DuPont.
®DuPont.
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Studies were also done using comparative molecular
field analysis (CoMFA), a technique for analysis of
three-dimensional quantitative structure—activity
relationships (3D QSAR) (Cramer et al., 1988;
Okazawa et al., 1998). The model showed that the
nitrogen atom of the imidacloprid CPM residue
interacts with a hydrogen-donating site of nAChR,
and the nitrogen atom at the 1-position of the imi-
dazolidine 5-ring interacts with a negatively charged
domain (Okazawa et al., 2000). In comparison with
(S)-nicotine the selective insecticidal mode of action
of imidacloprid was well examined in detail by dif-
ferent researchers (Yamamoto et al., 1995; Kagabu,
1997b; Matsuda et al., 1999; Tomizawa, 2000).
There studies focused on the chemical structure,
state of ionization, and hydrophobicity of both
molecules (Figure 5).

The principal target insect pests of imidacloprid
in agricultural and veterinary medicinal use are
sucking insects. Since imidacloprid provides a par-
tial positively charged 6" nitrogen atom (not ion-
ized, full or partial) instead of an ammonium head
as does (S)-nicotine, imidacloprid has little restric-
tion for translocation into the target area compared

to (S)-nicotine (Graton et al., 2003). The interatom-
ic distances between the 2-(N-nitroimino)-imidazo-
lidine nitrogen and the pyridyl nitrogen are 5.9 A,
which is a suitable value to bind to the electron-rich
and hydrogen-donating recognition sites on nAChR
(Yamamoto et al., 1995; Matsuda et al., 1999). The
electron-donating atom for hydrogen bonding at
5.9 A apart from the fully or partial positive charged
8" nitrogen is required for potent interaction with
the anionic subsite of the insect nAChR (Yamamoto
et al., 1995; Tomizawa, 2000). In mammals, imida-
cloprid has weak effects on any nAChR, while nico-
tine affects mostly peripheral nACRs resulting in
higher toxicity.

The deduced electron deficiency of the nitrogen
atom of imidacloprid was proved explicitly by
1SN NMR spectroscopic measurements (Yamamoto
et al., 1995). Tomizawa et al. (2000) recently
claimed that the N-nitro group of imidacloprid is
much more important than the bridgehead nitrogen
in electrostatic interaction with nAChRs’ because a
Mulliken charge of the bridgehead nitrogen, calcu-
lated by the MNDO method combined with the PM3
method (semi-empirical molecular orbital technique
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Figure 5

Insecticidal mode of action of (S)-nicotine and imidacloprid. (Adapted from Tomizawa, M., 2000. Insect nicotinic

acetylcholine receptors: mode of action of insecticide and functional architecture of the receptor. Jap. J. Appl. Entomol. Zool. 44, 1-15.)
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for calculating electronic structure), was only mar-
ginally positive. However, Matsuda et al. (2001)
suggested, that the electron-withdrawing power of
the N-nitro group might be increased by a hydrogen
bond involving the N-nitro group oxygen and
hydrogen-bondable and positively charged amino
acid residue, namely lysine or arginine, on the insect
receptor, thereby strengthening its interaction with
imidacloprid. Kagabu (1996) predicted the impor-
tant contribution of this N-nitro group and its
hydrogen-bondable property for insecticidal activity.

3.3.1.2. [3-(6-Chloro-3-pyridinyl)methyl-2-thiazo-
lidinylidene]-cyanamidine ~ (thiacloprid, = YRC
2894) The second member of the CNI™ family
from Bayer AG launched in 2000 was thiacloprid
(Elbert et al., 2000; Yaguchi and Sato, 2001). Simi-
lar to imidacloprid, this neonicotinoid thiacloprid
(YRC 2894, registered worldwide under the trade
name Calypso'™, and in Japan and Switzerland
under the trade names Bariard™ and Alanto™),
also contains the unique CPM moiety attached to the
cyclic 2-(cyanoimino)-thiazolidine (CIT) building-
block. Thiacloprid can be synthesized by a conver-
gent one-step technical process starting from two
key intermediates, CIT and CCMP (Diehr et al.,
1991; Wollweber and Tietjen, 1999; Jeschke et al.,
2001). Thiacloprid crystallizes in two different
modifications depending on the solvent. The com-
pound crystallizes from dichloromethane as form I
(melting point 136°C) and from isopropanol as
form II (melting point 128.3°C). From its physi-
cochemical data, the technical ingredient is form L.

The results of X-ray crystallographic analysis and
an X-ray powder diffraction profile indicate that
each form, I (0.6 x 0.3 x 0.2mm’) and II (0.5 x 0.2 x
0.1mm?), crystallizes with different cell constants
in a monoclinic crystal system in the space group
P2/c (Jeschke et al., 2001). Figure 6 shows the
Ortep plot of the crystal structure of the form I.
Interestingly, in the crystal lattice of form II, two
symmetric independent molecules in the asymmetric
unit cell are fixed (Figure 6).

With regard to the configuration of the pharma-
cophore [-N—C(S)=N—CN] moiety, thiacloprid
exists only in the Z-configuration in both forms,
I and II. In conjunction with the X-ray results, thia-
cloprid exists in solution exclusively in the stable
Z-configuration. With respect to the C=N double
bond, only one configuration is seen in all NMR
spectra ('H, "*C, HMQC, HMBC, NMR spectros-
copy), deduced from very sharp proton and carbon
signals. In conjunction with X-ray results, there is
no evidence for isomerization of the Z-isomer in
DMSO-dg or CDClI; solution. Thiacloprid shows a
single peak maximum at 242 nm in its ultraviolet
(UV) spectrum, and it does not absorb natural sun-
light. This explains thiacloprid’s better photostabil-
ity in comparison to other neonicotinoids (Jeschke
etal., 2001).

Starting from forcefield methods (MMFF94s),
the final energies, geometries, and properties were
obtained at DFT (Becke and Perdew (BP) functional,
triple-zeta valence plus (TZVP) polarization basis,
conductor-like screening model — realistic solvent
(COSMO-RS) for solvent effects; Perdew, 1986;

Figure 6 Ortep plot of thiacloprid form | and form Il (Jeschke et al., 2001).
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Figure 7 DFT (BR/TZVP) optimized geometry of thiacloprid (Jeschke et al., 2001). (a) Atomic charges projected onto a Conolly

surface; (b) some interatomic distances in A.

Becke, 1988; Klamt, 1995) level of theory (Jeschke
et al., 2001) (Figure 7). It was found that, in the
gas phase, Z-configured thiacloprid is about
4kcalmol ™' lower in energy than the E-isomer. In
water, this difference is increased by approximately
1kcalmol™'. The preference for the Z-configura-
tion stems mainly from steric reasons. The nitrile
moiety of the Z-isomer has virtually no close con-
tacts to any_ other atom (sulfur to nitrile-carbon
distance 3.1 A). In the E-isomer, however, the largest
possible distance, between the nitrile-carbon and the
hydrogen atoms attached to the bridging carbon, is
around 2.3 A. Quantum chemical calculations show
that the strong delocalization of the C=N double
bond does not reduce the “double bond character”
significantly (i.e., the torsional barrier for rotation
around the C=N double bond is not decreased). The
molecular dipole moment (derived from the electric
field dependence of the DFT wave function) is cal-
culated to be 10.2D in water. This, together with
the spatial relation of the pharmacophoric feature
(—N—C(S)=N—CN), is very much in line with the
pharmacophore model of imidacloprid.

3.3.1.3. 3-[(2-Chloro-5-thiazolyl)methyl]tetrahydro-
5-methyl-N-nitro-4H-1,3,5-oxadiazin-4-imine

(thiamethoxam, CGA 293'343) Ciba started a
research program on neonicotinoids in 1985
(Maienfisch et al., 2001a), and investigated varia-
tions of the imidacloprid nitroimino-heterocycle
(Maienfisch et al., 2001b). Thiamethoxam (Senn
et al., 1998; Maienfisch et al., 1999a, 1999b) was
discovered, and developed by Ciba Crop Protection
(from 1996 Novartis Crop Protection, now Syngenta
Crop Protection) in 1991. Thiamethoxam has been
marketed since 1998 under the trademarks Actara™

for foliar and soil treatment, and Cruiser® for
seed treatment. Thiamethoxam can be synthesized
starting from N-methyl-nitroguanidine by treat-
ment with formaldehyde in the presence of formic
acid (Gobel et al., 1999). Finally alkylation with
2-chlorothiazol-5-ylmethylchloride in N,N-dimethyl-
formamide and potassium carbonate as a base
afforded the active ingredient in good yields
(Maienfisch et al., 1999a).

The SAR profile of this compound demonstrates
the rather limited variability of the pharmacophore
(—N—C(N)=N—-NO,). Insecticidal activity was only
observed if the functional group is a strongly electron-
withdrawing group and has a hydrogen accepting
head, like N-nitroimino and N-cyanoimino. As
pharmacophore N-substituent, a methyl group is
clearly superior to hydrogen, an acyl substituent or
C,—C4 alkyl group. The biological results have led
to a general SAR profile for these novel compounds,
which can be summarized as follows (Maienfisch
et al., 1999b, 2002):

1. All  variations of the pharmacophore
(N—C(N)=N—-NO,) resulted in a loss of activity.

2. Substitution of the CTM moiety by another N-
containing heterocycle reduced the overall insec-
ticidal activity, whereas CPM gave the best
results.

3. A perhydro-1,3,5-oxadiazine ring system is clear-
ly better than all other heterocyclic systems like
perhydro-1,3,5-thiadiazines, hexahydro-1,3,5-
triazines, or hexahydro-1,3-diazines.

4. Introduction of N-methyl at the 5-position led
to strong increase of insecticidal activity (in con-
trast to the SAR of imidacloprid), whereas other
substituents resulted in clear loss of activity.
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3.3.2. Neonicotinoids Having Noncyclic
Structures

From the new chemical class of ring system contain-
ing neonicotinoids noncyclic structures having the
same mode of action can also be deduced. These
noncyclic type neonicotinoids can have as separate
substituents [R!, R?] (i), e.g., for R! hydrogen or
alkyl like methyl (acetamiprid) and ethyl (niten-
pyram) and in the case of E = NH for the substituent
R? alkyl like methyl (clothianidin and dinotefuran),
respectively.

3.3.2.1. N-[(6-chloro-3-pyridinyl)methyl]-N-ethyl-
N'-methyl-2-nitro-1,1,-ethenediamine (nitenpyram,
TI-304) Starting from the cyclic nithiazine
(Soloway et al., 1978), the acyclic nitenpyram (Best-
guard™) was discovered during optimization of
substituents of an acyclic nitroethene (Minamida
et al., 1993). The insecticidal activity of 1-(3-pyri-
dylamino)-2-nitroethene compounds against the
brown planthopper and the green leafhopper were
studied. It was found that the 1-methylamino-1-
(pyrid-3-ylmethylamino)-2-nitroethene was more
active than the corresponding 1-ethyl, 1-methoxy,
or 1-thiomethoxy derivatives. Introduction of
sterically large amino groups like ethylamino,
isopropylamino, hydrazino, N-pyrrolidino, or N-
morpholino decreased the activity against the
green rice leafthopper. Furthermore, the methylene
bridge between the pyrid-3-yl and nitrogen was
replaced with other linkages. However, all attempts
at shortening and lengthening the linkage failed
to increase the insecticidal activities against the
brown planthopper and the green rice leathop-
per (Akayama and Minamida, 1999). Heterocyclic
aromatic substituents, different from pyrid-3-yl,
were incorporated into the nitroethen structure.
The replacement of pyrid-3-yl with 6-fluoro-pyrid-
3-yl, 6-chloro-pyrid-3-yl, 6-bromo-pyrid-3-yl, and
2-chloro-1,3-thiazol-5-yl enhanced the activity
against the brown planthopper.

3.3.2.2. (E)-N-[(6-chloro-3-pyridinyl)methyl]-
N'-cyano-N-methyl-ethanimidamide (acetamiprid,
NI-25) Acetamiprid (Takahashi et al., 1992;
Matsuda and Takahashi, 1996) has an N-cyanoami-
dine structure, which contains in analogy to imida-
cloprid and thiacloprid the CPM moiety. This
neonicotinoid was invented during a search for
nitromethylene derivatives by Nippon Soda Co.
Ltd. in 1989 and was registered in 1995 in Japan.
The insecticide is marketed under the trade name
Mospilan® for crop protection. The noncyclic acet-
amiprid was discovered by optimization studies
of special 2-N-cyanoimino compounds with an

imidazolidine 5-ring obtained from Nihon Bayer
(Yamada et al., 1999). The noncyclic 2-nitromethylene
and 2-N-nitroimine derivatives are less active
than the corresponding ring structures, but numer-
ous noncyclic derivatives show excellent activities
against the armyworm and aphid as well as the
cockroach. Regarding the substituent on the amino
group, the N-methyl group exhibited the highest
activity against the diamondback moth, while
derivatives with hydrogen, N-methyl, and N-ethyl
showed potent activity against the cotton aphid
(Yamada et al., 1999).

3.3.2.3. [C(E)]-N-[(2-chloro-5-thiazolyl)methyl]-N'-
methyl-N"-nitroguanidine (clothianidin, TI-435) As
a result of continuous investigations of noncyclic
neonicotinoids, researchers from Nihon Bayer Agro-
chem and Takeda in Japan found that these non-
cyclic neonicotinoids showed high activities against
sucking insects. In the optimization process, Takeda
researchers were able to demonstrate that com-
pounds containing the nitroguanidine moiety, cou-
pled with the thiazol-5-ylmethyl residue, have
increased activity against some lepidopteran pests
(Uneme et al., 1999). This is in accordance with the
general pharmacophore [-N—C(E)=X—Y], where =
X—Y is an electron-withdrawing group such as =
N—NO,, and E represents the NH—Me unit. After
further optimization in this subclass, clothianidin
(T1-435) emerged as the most promising derivative
from this program (Ohkawara et al., 2002; Jeschke
et al., 2003). Clothianidin has already been
registered in Japan for foliar and soil applications
under the trade names Dantotsu™ and Fullswing ™
(Sumitomo Chemical Takeda Agro), and also in
Korea, Taiwan, and other countries. Registrations
have also been granted in North America and
Europe for seed treatment under the brand name
Poncho® (Bayer CropScience).

In the novel noncyclic structure of clothia-
nidin (TI-435) (i.e., R=H; E=NHMe), the N-
nitroguanidine pharmacophore [-N—C(N)=N—-NO,]|
is similar to that of imidacloprid, but the CPM group
has been replaced by the CTM moiety (Ohkawara
et al., 2002) (Figure 2). Clothianidin crystallizes
under normal laboratory conditions using common
solvents as needlelike crystals containing no addi-
tional solvent or water molecules. The best-quality
crystals for X-ray structure analysis were obtained
by slow evaporation of a methanol/H,O (1: 1) solu-
tion at room temperature. Figure 8 shows a photo-
graph using polarized light of the crystal needle with
the dimensions 0.90 x 0.30 x 0.07 mm?® used for
X-ray structure analysis (Jeschke et al., 2003). Clothia-
nidin (TI-435) was subjected to conformational
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sampling using forcefield methods (MMFF94s).
The calculated free energies indicate that at room
temperature (RT), the preferred orientation of
the N-nitroimino group is in the trans position;
the Z-isomer with lowest energy is more than
2.6kcalmol ™" above the optimal E-isomer. NMR
experiments are in agreement that the N-nitroimino
group strongly prefers one orientation only. From
calculations as well as the X-ray structure, one can
see that the three C—N bonds involving atom C5
have some double bond character. It is worth men-
tioning that the C5—N3 bond, which is the only
formal C=N double bond within the N-nitroimino
moiety, is slightly longer than the formal single
bonds C5—NS5 and C5—N2. This is reflected by the
torsional angles found around the C—N bonds dur-
ing conformational analysis; the respective values
are all 180° or —180°. The N-methyl group can
flip easily from the anti position into a syn position.
The energies of the respective clothianidin (TI-4335)
conformers, relative to the optimal structure, are
below 1.5kcalmol™'. All these findings are in line
with the experimental '*C NMR spectrum, which
shows a relatively broad singlet at 138.8 ppm for

Figure 8 Digital stereo photomicrograph of a single crystal
of clothianidin (TI-435) grown from methanol/water at room
temperature (Jeschke et al., 2003).

the atom C3. This can already be understood quali-
tatively from the conformational arguments, like
rotations of the C—N single bonds and modifica-
tions of the positioning of the CTM moiety (Jeschke
etal., 2003).

3.3.2.4. (&)-N-methyl-N'-nitro-N"-[(tetrahydro-3-
furanyl)methyl]guanidine  (dinotefuran, = MTI-
446) (%)-Dinotefuran (MTI-446) was discovered
by Mitsui Chemicals Inc., and is highly effective
as an agonist of nAChRs (Zhang et al., 2000). It
has a broad spectrum of activity against insect pests
and has low mammalian toxicity (Kodaka ez al.,
1998, 1999a, 1999b; Hirase, 2003). The trade
names for the commercialized product are Starkle®
and Albarin®. Similar to imidacloprid and clothia-
nidin, it has a N-nitroguanidine pharmacophore
[-N—C(N)=N—NO,], but an alicyclic (+)-tetrahydro-
3-furylmethyl (TFM) moiety instead of the halo-
genated heteroaromatic CPM or CTM moiety
in the other neonicotinoids. The discovery of
(£)-dinotefuran resulted from the idea of incorpor-
ating an N-nitroimino fragment into the structure
of acetylcholine (Kodaka er al., 1998; Wakita et al.,
2003). (+)-Dinotefuran bears a nonaromatic oxy-
gen atom in the position corresponding to that of
the aromatic nitrogen atom of the other neonicoti-
noids. The potencies of (+)-dinotefuran and a com-
petitive nAChR antagonist (a-bungarotoxin, BGT)
in inhibiting [*H]epibatidine binding to Periplaneta
americana nerve cord membranes were examined
(Mori et al., 2001). () and (+) Dinotefuran inhib-
ited [*H]epibatidine binding with ICs, (inhibitory
concentration, where 50% of the tritiated ligand
is displaced in membrane preparations from cock-
roach nerve) values of 890 and 856 nM, respec-
tively. The (—)-enantiomer was about twofold less
effective. In contrast the (+)-enantiomer was
approximately 50-fold more insecticidal than the
(—)-enantiomer of dinotefuran (Table 2).

The SAR between the tetrahydrofuran ring
moiety and the insecticidal activity was investigated

Table 2 Potency of dinotefuran and its isomers in inhibiting [*H]EPI and [®H]a-BGT binding, and their in vivo activities

[PHJEPI binding, ICso

[*H]2-BGT binding, ICs,

Knockdown, KDs, Insecticidal activity, LDso

Compound (nM)? (nM)? (nmolg™") (nmolg™")?
(+)-Dinotefuran 890 (626—1264) 36.1 (24.9-52.2) 0.351 0.173 (0.104-0.287)
(+)-Dinotefuran 856 (590-1241) 9.58 (6.79-13.52) 0.123 0.0545 (0.0396-0.0792)
(—)-Dinotefuran 1890 (1230-2890) 69.8 (47.1-103.4) 6.70 2.67 (1.55-4.69)

295% confidence limits in parentheses.
BGT, bungarotoxin; EPI, epibatidine.

Reproduced with permission from Mori, K., Okumoto, T., Kawahara, N., Ozoe, Y., 2001. Interaction of dinotefuran and its analogues
with nicotinic acetylcholine receptors of cockroach nerve cords. Pest Mgt Sci. 58, 190-196.
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(Kiriyama and Nishimura, 2002), and it was found
that:

1. The tetrahydro-fur-2-ylmethyl derivative (shift
of oxygen position) reflected diminished activity.

2. The tetrahydro-fur-3-yl moiety is important;
the cyclopentanylmethyl (deoxy derivative), the
3-methoxy-N-propyl (open-ring ether) and the
N-methyl-pyrrolidine-3-ylmethyl derivatives
showed very low or negligible activity.

3. Introduction of a methyl group at the 4- or
5-position of the tetrahydro-fur-3-yl ring gave
intermediate activity (Wakita et al., 2003), but
introduction of methyl at the 2- or 3-position of
the THF ring system and in a-position of the side
chain decreases activity. An ethyl group reduced
greatly activity even if it was at the 4-position
(Wakita et al., 2003).

The structural factors in the N-nitro guanidine moi-
ety of (+)-dinotefuran were described as follows:

1. Deletion or extension to the alkyl group, like ethyl,
of the terminal N-methyl group and addition of
one more N-methyl group usually decrease the
activity.

2. Carbocyclic cyclization to 5- and 6-ring systems
maintains the activity.

3. Perhydro-1,3,5-oxadiazine 6-ring cyclization
similar to that in thiamethoxam is inactive.

4. Modification of the N-nitroimino chromophore of
dinotefuran to the nitromethylene, but not to the
N-cyanoimino group maintains the insecticidal
activity.

These results indicate that the modification of this
moiety of (&)-dinotefuran results in drastic changes
in potency and that the incorporation of structural
fragments known from previous neonicotinoid
insecticides does not necessarily lead to compounds
retaining higher activity (Mori et al., 2001). Also
in this structural type the distance of three methy-
lene chains between the nitrogen on the imidazoli-
dine ring and the hydrogen acceptor oxygen was
important (Wakita et al., 2003).

3.3.3. Bioisosteric Segments of Neonicotinoids

Retrospective considerations regarding bioisosteric
segments of the developed and commercial neonicoti-
noids gave insight into general structural requirements
(segments i—iii, Figure 4) for all the different ring sys-
tems and noncyclic structures (Jeschke et al., 2002).
Several common molecular features, when comparing
compounds with ring systems, like imidazolidine
(imidacloprid), and its isosteric alternatives, like thia-
zolidine (thiacloprid), perhydro-1,3,5-oxadiazine
(thiamethoxam), or hexahydro-1,3,5-triazine (Agro

Kanesho’s AKD-1022) and the functional groups
like N-nitroimino [=N—NO,], N-cyanoimino
[=N—CN], or nitromethylene [=CH—NO,] of these
insecticides, have been described (Tomizawa et al.,
2000). After superposition of the most active deriva-
tives, it was possible to state the molecular shape
similarity of the second generation neonicotinoids.
It was found that electrostatic similarity of the most
active compounds correlates well with the binding
affinity (Nakayama and Sukekawa, 1998; Sukekawa
and Nakayama, 1999), and a similar correlation was
obtained by CoMFA (Nakayama, 1998; Okazawa
etal., 1998).

3.3.3.1. Ring systems versus noncyclic structures In
comparison to the corresponding ring systems, the
noncyclic structures exhibit similar broad insecticid-
al activity by forming a so-called quasi-cyclic con-
formation when binding to the insect nAChR
(Kagabu, 2003a). Thus, the three commercial non-
cyclic structures — nitenpyram, acetamiprid, and
clothianidin — can be regarded as examples, if retro-
synthetic considerations are carried out (Jeschke
et al., 2002; Kagabu, 2003a). The noncyclic neoni-
cotinoides are generally less lipophilic than the
corresponding neonicotinoids with a ring structure
(see Section 3.3.4).

Based on the CoMFA results, a binding model for
imidacloprid was described. This model clarified
that the nitrogen of the CPM moiety interacts with
a hydrogen-donating site of the nAChR, and that the
nitrogen atom at the 1-position of the imidazolidine
ring interacts with the negatively charged domain
(Nakayama, 1998; Okazawa et al., 1998). Further-
more, the binding activity of noncyclic structures
(e.g., acetamiprid, nitenpyram, and related com-
pounds) to the nAChR of houseflies was measured
and the results were analyzed using CoMFA. Super-
position of stable conformations of nitenpyram,
acetamiprid, and imidacloprid showed that the pre-
ferred regions for negative electrostatic potentials
near the oxygen atoms of the nitro group, as well as
the sterically forbidden regions beyond the imidazo-
lidine 3-nitrogen atom of imidacloprid, were impor-
tant for binding (Okazawa et al., 2000). The area
around the 6-chloro atom of the CPM moiety was
described as a sterically permissible region. Appar-
ently the steric interactions were more important for
noncyclic neonicotinoids than for the cyclic deriva-
tive, imidacloprid. Finally, it was also demonstrated
that the noncyclic structures bind to the nAChR
recognition site in a manner similar to ring structures
like imidacloprid, and that the electrostatic proper-
ties of the noncyclic amino and cyclic imidazolidine
structures affected their binding affinity (Figure 9).
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Figure 9 Stable conformations and predicted properties of
binding site: imidacloprid (white), nitenpyram (blue), acetamiprid
(red). (Adapted from Akazawa et al., 2000.)

Figure 10 Alignment of DFT/BP/SVP/COSMO optimized geo-
metries of imidacloprid, clothianidin, dinotefuran, and acetami-
prid. The alignment was done by minimization of the mutual
spatial distance of three pharmacophoric points, namely (i) the
positively charged carbon atom connected to the =N—NO, and
=N—CN moiety, respectively, (ii) the nitro/cyano groups them-
selves, and (iii) the nitrogens of the aromatic rings and the
oxygen of the tetrahydrofuran ring.

Figure 10 shows atom-based aligments of imida-
cloprid, clothianidin, dinotefuran and acetamiprid.
The aligment shown does not necessarily reflect the
active conformation. However, the following argu-
ments hold true for each of these family of confor-
mers. The ion pairs of the aromatic nitrogen atoms
in imidacloprid, clothianidin, and acetamiprid point
in the same direction, and that this is also true for one
of the two ion pairs of oxygen in dinotefuran. The
tetrahydrofuryl ring of dinotefuran is more or less
perpendicular to the heteroaromatic ring systems of
the other neonicotinoids.

Visual inspection of the nucleophilic Fukui
functions (Figure 11) shows that the tetrahydrofuryl
ring of dinotefuran differs dramatically from the
other neonicotinoids under investigation. While
the latter all show some large contributions at the
aromatic moiety, the tetrahydrofuryl moiety seems
to be much less attractive for nucleophilic attack.

3.3.3.2. Isosteric alternatives to the heterocyclic
N-substituents The nitrogen-containing hetaryl-
methyl group as N-substituent (CPM, CTM) has
a remarkably strong influence on the insecticidal
activity. X-ray crystal structure analysis of imidaclo-
prid and related neonicotinoids indicated that dis-
tances between the van der Waals surface of the
CPM nitrogen and the atomic center of the pharma-
cophoric nitrogen are 5.45-6.06 A (Tomizawa et al.,
2000). This range coincides with the distance be-
tween the ammonium nitrogen and carbonyl oxygen
of acetylcholine, and between the nitrogen atoms
of (S)-nicotine (Kagabu, 1997a). Alternatively, the
CPM and CTM moieties were assumed to be able
to participate in hydrogen bonding, like the pyridine
ring of (S)-nicotine, and that this is important
for the insecticidal activity. The CTM substituent
generally confers higher potency in the clothianidin
and N-desmethyl-thiamethoxam series than the CPM
moiety in the imidacloprid, thiacloprid, acetamiprid,
and nitenpyram series (Zhang et al., 2000). Surpris-
ingly, replacing both CPM and CTM by an oxygen-
containing five-membered heterocycle resulted in a
novel N-substituent TFM, that led to the develop-
ment of the insecticide (4)-dinotefuran. It was found
that the TFM structure can be taken as an isoster of
the CPM and CTM moiety (Kagabu et al., 2002). In
an attempt to understand this, the hydrogen bond-
ing regions of CPM, CTM, and TFM were projected
onto their respective Connolly surfaces (Jeschke et al.,
2002) (Figure 12).

3.3.3.3. Bioisosteric pharmacophors The par-
ticularly high potency of the neonicotinoids bear-
ing N-nitroimino, N-cyanoimino, or nitromethylene
moieties, which have a negative electrostatic po-
tential, implies a positive electrostatic potential for
the corresponding insect nAChR recognition site
(Nakayama and Sukekawa, 1998). Therefore, con-
siderable attention has been given to the possible
involvement of the pharmacophoric nitrogen in neo-
nicotinoid action. In order to understand better the
structural requirements, binding activity was ana-
lyzed using CoMFA (Akamatsu et al., 1997). SAR
analyses have also been performed for in vitro activ-
ities (Nishimura et al., 1994). In particular, 3D QSAR
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Isosurfaces for Fukui functions for nucleophilic attack of (a) imidacloprid, (b) clothianidin, (c) dinotefuran, and

(d) acetamiprid. Three levels of isosurfaces are displayed: 0.005 (green, opaque), 0.001 (yellow, transparent), and 0.0005 (white,

Figure 11
transparent).

@ CPM/strong H-bond acceptor
Figure 12

(b)

Imidacloprid, nitenpyram, acetamiprid, thiacloprid
Thiamethoxam, clothianidin
(*)-Dinotefuran

Isosteric alternatives to the heterocyclic N-substituents. Connolly surfaces of the CPM moiety from imidacloprid,

nitenpyram, acetamiprid (blue), CTM moiety from thiamethoxam and clothianidin (magenta), and TFM from (£)-dinotefuran (green).
Atomic charges have been driven via the Mulliken partitioning scheme DFT/BP/TZVP/COSMO Kohn-Sham orbitals. (a) H-bonding
potentials is mapped onto the Connolly surface; (b) atomic charges are projected onto the Connolly surface. (Reproduced with
permission from Jeschke, P., Schindler, M., Beck, M., 2002. Neonicotinoid insecticides: retrospective consideration and prospects.

Proc. BCPC: Pests and Diseases 1, 137-144.)

procedures are helpful to predict the receptor-ligand
interaction (Nakayama, 1998; Okazawa et al., 1998,
2000).

As described in an alternative binding model for
imidacloprid, the interatomic distance of 5.9 A
between the oxygen of the nitro group (at the van
der Waals surface) and the nitrogen in 1-position
was also noted as adequate (Kagabu, 1997a). That
means the oxygen of the nitro group and the cyano

nitrogen are well suited as acceptors for hydrogen
bonding with the nAChR, in place of ring nitrogen
atoms in CPM and CTM or the ring oxygen in
TFM. Thus the n-conjugated system composed of a
N-nitroimino or N-cyanoimino group and the con-
jugated nitrogen in 1-position are considered essen-
tial moieties for the binding of neonicotinoids
to the putative cationic subsite in insect nAChR
(Figure 13). On the other hand, Maienfisch et al.
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Figure 13 Binding to putative cationic subsite in insect
nAChR (Kagabu, 1997a).

(1997) reported that a nitroenamine isomer (N>-free
imidacloprid) posseses similar insecticidal activity to
imidacloprid (Boélle et al., 1998).

3.3.4. Physicochemistry of Neonicotinoids

The physicochemical properties of the ring system
and noncyclic neonicotinoids played an important
role in their successful development. In addition,
photostability is a significant factor in field perfor-
mance of this class of insecticides (see Section 3.2).
As described (Kagabu and Medej, 1995; Kagabu,
1997a; Kagabu and Akagi, 1997), the energy gap
for the different functional groups [=X—Y], from
the ground state to the single state, excited in the
order [=N—CN] > [=N-NO;] > [=CH-NO,].
For practical application of neonicotinoids, such as
for soil and seed treatment, as well as for foliar
application, the uptake and translocation in plants
is crucial for their insecticidal activity. Thereby, not
only the bioisosteric segments of neonicotinoids (see
Section 3.3.3.3) but also the whole molecular shape
(Figure 12), including the resultant water solubility,
has to be considered. Neonicotinoid insecticides are
push—pull olefins made up of conjugated electron
donating and accepting groups (Kagabu, 1997a).
Such polar, nonvolatile molecules have a high
water solubility (Table 3) and low Pow values com-
pared with other nonpolar insecticidal classes. The
following characteristics were described from
Kagabu (1997a):

1. Noncyclic neonicotinoids are less lipophilic than
the corresponding ring system neonicotinoids.

2. Concerning the functional group [=X-Y] as
part of the pharmacophore [-N—C(E)=X-Y]
(iii), water solubility increases in the order of
[=CH—NO,]| > [=N—CN] > [=N-NO,].

3. Regarding E, the lipophilicity increased in the
order of S>C > O > NH (Kagabu, 1996).

Somewhat more lipophilic neonicotinoids should be
better for seed treatment application, because
uptake by roots is more effective than in the case

of more hydrophilic compounds (Briggs et al., 1982)
(Figure 14, Table 3). Due to the excellent systemic
properties of neonicotinoids conferred by the mod-
erate water solubility, these insecticides are effective
against their main target pests, which are sucking
insects, like aphids, leafhoppers, and whiteflies.

3.3.4.1. Physicochemical properties of com-
mercialized neonicotinoids The physicochemical
properties of a compound are related to its structur-
al formula. However, it is not possible to predict the
behavior of a substance, with sufficient certainity,
only on the basis of its formula and physicochemical
properties (Stupp and Fahl, 2003).

3.3.4.1.1. Imidacloprid Due to the special moieties
like the CPM residue and the 2-(N-nitroimino)-
imidazolidine 5-ring system, imidacloprid has very
weak basic properties under environmental con-
ditions (see Section 3.8.1.2). Water solubility and
low partition coefficient in octanol-water are not
influenced by pH values between 4 and 9, and at
20 °C (Krohn and Hellpointer, 2002) (Table 3). The
low partition coefficient of imidacloprid indicates
that it has no potential to accumulate in biological
tissues and further enrichment in the food chain.
The occurrence of imidacloprid in the air is det-
ermined by its low vapor pressure of 4 x 10~ '°Pa
which excludes volatilization from treated surfaces.
The rapid uptake and translaminar transport of imi-
dacloprid from the treated upper leaf side to the
lower surface is excellent, as observed in cabbage
leaves (Elbert et al., 1991), and in rice and cucumber
(Ishii et al., 1994). However, imidacloprid has a
considerable acropetal mobility in xylem of plants.
In contrast, its penetration and translocation in cot-
ton leaves was less pronounced, as qualitatively
reflected by phosphor-imager autoradiography
(Buchholz and Nauen, 2001). This xylem mobility
makes imidacloprid especially useful for seed treat-
ment and soil application, but it is equally effective
for foliar application (Elbert et al., 1991).

Due to its lack of any acidic hydrogen, the pK, of
imidacloprid is >14, and therefore its transport
within the phloem is unlikely, as been shown in
several studies (Stein-Donecke et al., 1992; Troltzsch
et al., 1994). Systemic properties were examined
using '*C-labeled imidacloprid. The translocation
of imidacloprid in winter wheat and its uptake and
translocation from treated cotton seeds into the
growing parts of the cotton plant is described by
Elbert er al. (1998). Registered patterns of use of
imidacloprid in agriculture now include traditional
foliar spray application as well as soil drench appli-
cation, drip irrigation, trunk (injection) application,



Table 3 Physicochemical properties of commercialized neonicotinoids

Ring systems

Noncyclic structures

Physical and chemical properties Imidacloprid Thiacloprid Thiamethoxam Nitenpyram Acetamiprid Clothianidin (+)-Dinotefuran
Color and physical state Colorless Yellow/ Slightly cream/ Pale yellow Colorless crystals Clear/coloress
crystals crystalline crystalline powder crystals solid powder
powder

Melting point (°C) 144 136 139.1 83-84 98.9 176.8 94.5-101.5
Henry’s law constant (Pa x m® 2x107"° <53x10°8 (calc) 29x10°"

mol~") (at 20°C)
Density (gml™") (at 20°C) 1.54 1.46 1.40 (at 26°C) 1.330 1.61 1.33
Vapor pressure (Pa)

(at 25°C) 6.6 x107° <1x107° 1.3%x 1071

(at 20°C) 4% 107" 1.1x107° 3.8x 107"
Solubility in water (g17") 0.61 0.185 4.1 (at 25°C) 840 (pH 7.0) 4.20 (at 25°C) 0.327 54.3+1.3

(at 20°C)
Solubility in organic solvents

(917" at25°C)

Dichloromethane 67 (at 20°C) 160 (at 20°C) 43.0 nd 1.32

N-hexane <0.1 nd 0.00018

N-heptane nd <0.1 (at 20°C) nd nd <0.00104

Methanol 10 (at20°C) nd 10.2 670 (at 20°C) 6.26

Ethanol

Xylene nd 0.3 (at 20°C) nd 4.5 (at 20°C) 0.0128

Toluene 0.68 0.63

1-Octanol nd 1.4 (at 20°C) 0.63 nd 0.938

Acetone 50 (at20°C) 64 (at 20°C) 42.5 290 (at 20°C) 15.2

Acetonitrile 52 (at 20°C) 78.0 430 (at 20°C)

Ethyl acetate nd 9.4 (at 20°C) 5.74 33 (at 20°C) 2.03
Partition coefficient in octanol-  3.72

water (at 25°C) (at21°C)
log Pow 0.57 1.26 (at 20°C) —0.64 0.8 0.7 —0.644

(at 22°C)
log Pow (pH 4.7) (at 20°C) —0.13 (at pH 6.8) No significant 0.9
variations with pH

log Pow (pH 9.0) (at 20°C) 0.9
Dissociation constant pKj, No dissociation in 3.1and 11.5 0.7 (at 25°C) Weak 11.09 No dissociation in range

(at 20°C) range pH 2-12 base pH 1.4-12.3
Flammability Not highly Not highly
Surface tension (mNm™") 66 79.6

(at 20°C)

nd, not determined.
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Figure 14 Systemicity of neonicotinoids. Relationship be-
tween the translocation of neonicotinoids to barley shoots fol-
lowing uptake by the roots (expressed as the transpiration
stream concentration factor), and the octan-1-ol/water partition
coefficients (as log K,). (Diagram and experimental data taken
from Briggs, G., Bromilow, R.H., Evans, A.A., 1982. Relation-
ships between lipophilicity and root uptake and translocation of
non-ionized chemicals by barley. Pestic. Sci. 13, 495-504). Be-
cause of the higher lipophilicity, thiacloprid and clothianidin
show the best uptake by the roots from solution, whereas niten-
pyram and (+)-dinotefuran are more xylem mobile than the
other neonicotinoids.

stem or granular treatments and seed treatment.
Because of imidacloprid’s systemic properties it is
evenly distributed in young, growing plants (Elbert
etal.; 1991, 1998).

3.3.4.1.2. Thiacloprid 1t is stable towards
hydrolysis even under conditions of heavy rain.
Once applied to leaves, thiacloprid shows good
rainfastness and photostability, and remains in or
on leaves for a considerable time, thus allowing a
continous penetration of the active ingredient into
the leaf. Its half-life in water at pH 5, 7, and 9 is over
500 h. Photolysis in water (buffered at pH 7) shows
a half-life of >100 days. On soil surfaces thiacloprid
is also stable under sunlight irradiation (Jeschke
et al., 2001). The penetration and translocation
behavior of thiacloprid in cabbage was comparable
to those reported for imidacloprid (Buchholz and
Nauen, 2002). The amounts of thiacloprid stripped
off from cabbage application sites were 23% and
17% at 1 day and 7 days after treatment, respective-
ly. Levels in the true leaf increased from 63% to
77% as measured 1 day and 7 days after applica-
tion, respectively. These results demonstrate that
thiacloprid is readily taken up by cabbage leaves,
thus providing good systemic control of leaf-sucking
pests. The visualization of the translocation pattern

(a) 44— Acropetal
g » movement

Application
sites

Figure 15 (a) Translocation of ["C]-thiacloprid in cabbage
plants 1 day after application of 2 x 5l droplets onto the first
true leaf. Radioactivity on the surface of the cuticle (residue)
was removed by cellulose-acetate stripping; (b) translocation
pattern of thiacloprid sprayed to a cucumber leaf.

of ["*C]thiacloprid-equivalents by phosphor-imaging
technology revealed xylem mobility, i.e., transloca-
tion of the active ingredient in the upwards direc-
tion, even 1 day after application to cabbage leaves
(Figure 15a). This xylem mobility is further high-
lighted in Figure 15b, showing excellent distribu-
tion of thiacloprid in cucumber leaves after spray
application.

3.3.4.1.3. Thiamethoxam It is a crystalline,
odorless compound with a melting point of
139.1°C. This neonicotinoid has a relatively high
water solubility of 4.1gl™! at 25°C and a low
partition coefficient (log Pow = —0.13 at pH 6.8).
In the range of pH 2 to 12 no dissociation is
observed (Maienfisch et al., 2001a). These proper-
ties favor a rapid and efficient uptake in plants and
xylem transport (Widmer et al., 1999) (Table 3).
Through this systemic activity, all plant parts
situated acropetally from the application can be
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protected (Maienfisch ef al., 1999a, 2001a). Thia-
methoxam is hydrolytically very stable at pH 5 with
a half-life greater than 1 year at room temperature
and stable at pH 7 (estimated half-life at room tem-
perature is 200-300 days) (Maienfisch et al.,
2001a). This neonicotinoid is more labile at pH 9,
where the half-life is a few days. It is rapidly photo-
lytically degraded with a half-life of about 1h as a
droplet deposit on Teflon. But no decomposition
was observed after storage of the active ingredient
(a.i.) or formulated product at 54 °C for 2 months;
however, at temperatures above 150 °C, exothermic
decomposition occurs (Maienfisch et al., 1999a).
Under laboratory soils, thiamethoxam degrades at
moderate to slow rates. Under field conditions,
degradation is generally faster, because of the higher
microbial activity of field soils and exposure to light
as important degradation pathways (Maienfisch
etal., 1999a).

3.3.4.1.4. Nitenpyram It is highly soluble in water
(840g 17'), and shows good systemic action
(Kashiwada, 1996) and no phytotoxicity, character-
istics which enable the various application methods
of the neonicotinoid (Akayama and Minamida,
1999). The partition coefficient is low (—0.64)
(Table 3).

3.3.4.1.5. Acetamiprid It is stable in buffer
solutions at pH 4, 5, and 7 and under sunlight. It
is degraded slowly at pH 9 at 45°C. Hydrolysis
of acetamiprid in 0.5-1N sodium hydroxide at
90-95°C for 2h gave quantitatively N-methyl-
(6-chloro-pyrid-3-yl)-methylamine (Tokieda et al.,
1997). Because of its high solubility in water
(Table 3), acetamiprid shows a high systemic and
translaminar insecticidal activity (Yamada et al.,
1999) and is currently used only foliarly.

3.3.4.1.6. Clothianidin It has no acidic or alkaline
properties at the relevant pH (Stupp and Fahl,
2003). Therefore, the pH of the aqueous system
has no influence on its physicochemical properties.
It is stable to hydrolysis in a pH range of 4 to 9, but
photolysis contributes significantly to its degrada-
tion in the environment resulting in an elevated
mineralization rate. The water solubility of clothia-
nidin is relatively low (0.327g1™" at 20°C) in com-
parison to the other neonicotinoids that have a
nitroguanidyl moiety. This is also reflected by the
octanol-water partition coefficient, indicating a
favorable adsorption to soil (log Pow = 0.7 at
25°C) (Table 3). On basis of these physicochemical
properties no bioaccumulation is expected nor any
volatilization, and thus no significant amounts of

the substance are to be expected in the atmosphere
(Stupp and Fahl, 2003).

3.3.5. Proneonicotinoids

Pharmaceutical conceptions in prodrug design gener-
ally focus on its potential in overcoming pharmacoki-
netic problems and poor oral absorption (Testa and
Mayer, 2001). Prodrug activation occurs enzymati-
cally, nonenzymatically, or also sequentially (enzy-
matic step followed by nonenzymatic rearrangement)
(Testa and Mayer, 1998). Depending on both the drug
and its prodrug, the therapeutic gain may be modest,
marked, or even significant (Balant and Doelker,
1995). The field of neonicotinoid chemistry reflects,
e.g., with Mannich adducts, some significant exam-
ples for useful proneonicotinoids in crop protection
(see Sections 3.3.5.1 and 3.3.5.3).

3.3.5.1. Ring cleavage to noncyclic neonicotinoids
The six-membered perhydro-1,3,5-thiadiazine (Z =),
hexahydro-1,3,5-triazine (Z=NR), and perhydro-
1,3,5-oxadiazine (Z = O) containing neonicotinoids
can be prepared by a Mannich type cyclization reac-
tion by treatment, for example, cyclization of the
N-nitroguanidine moiety with two molar equiva-
lents of formaldehyde (HCHO) in the presence of
one or more equivalents of hydrogen sulfide (H,S),
an appropriate amine (R—NH,) or water (H,O)
in a suitable solvent. It is known that these cyclic
Mannich adducts can cleave into their noncyclic
compounds depending on the reaction conditions
(pH values). Efficient syntheses of the active ingredi-
ent clothianidin, which is readily performed by
ring cleavage reaction of the bis-aminal structure
(N—CH,—N bonds) within the 6-ring system of
the N,N’-dialkylated 2-(N-nitroimino)-hexahydro-
1,3,5-triazine, have been previously described
(Maienfisch et al., 2000; Jeschke et al., 2003).

The hydrolysis (ring cleavage) of different 6-ring
intermediates giving noncyclic neonicotinoids were
studied in a physiological salt solution at 25°C (pH
7.34). It was found that the perhydro-1,3,5-oxadia-
zines (Z = O) have noteably longer half-lives than the
appropriate hexahydro-1,3,5-triazines as bis-aminals
(Kagabu, 2003a) (Figure 16).

Agro Kanesho’s hexahydro-1,3,5-triazine (Z = NMe)
AKD-1022, a six-membered ring compound, is
a proinsecticide of clothianidin (Bryant, 2001).
Recently, it was demonstrated that thiamethoxam,
having a perhydro-1,3,5-oxadiazine (Z = O) struc-
ture, is also an in vivo, easy-to-cleave neonicotinoid
precursor for the highly active noncyclic neonicoti-
noid clothianidin (Nauen et al., 2003). This suggests
a prodrug principle in the mode of action of thia-
methoxam, rather than differences in the binding
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N—NOz N—NO,
Substituent Half-life t,, (in days) at 25°C (pH = 7.34)
R Z=0 zZ=8 Z=N—CH,
2-Chloro-1,3-thiazol-5-ylmethyl- (CTM) 132 12 5.3
6-Chloro-pyrid-3-ylmethyl- (CPM) 72 6 8

Figure 16 Half-life t;,» (days) of neonicotinoids in salt solution at 25°C (pH 7.34). (Reproduced from Kagabu, S., 2003a. Molecular
design of neonicotinoids: past, present and future. In: Voss, G., Ramos, G. (Eds.), Chemistry of Crop Protection: Progress and
Prospects in Science and Regulation. Wiley—-VCH, New York, pp. 193-212.)

site (Kayser et al., 2002). Clothianidin is one of
the most prominent metabolites in the leaves of
thiamethoxam-treated (soil drench) cotton plants.
Thiamethoxam is not only rapidly metabolized in
plants but also (within minutes) converted to
clothianidin in noctuid larvae. The level of clothia-
nidin detected in the hemolymph is quite high, i.e.,
physiologically relevant, and considering the elec-
trophysiological results in an interaction with the
nAChR in the CNS can be assumed to occur (Nauen
et al., 2003). Therefore clothianidin is likely to be
responsible for the insecticidal potency of thia-
methoxam, and not the parent compound itself, an
important fact for resistance management strategies
(see Section 3.9).

3.3.5.2. Mannich adducts as useful precursors The
first patent applications covering a number of
substituted 5-nitro-tetrahydro-1,3-pyrimidines, the
so-called Mannich adducts of certain insecticidally
active nitromethylene compounds, were published
in 1988 (e.g., compound Bay T 9992, Bayer AG).
Due to their potent toxicity to insects and arthro-
pods, numerous different companies produced com-
pounds of this type (Nauen et al., 2001). These
Mannich adducts can be prepared via an amino-
methylation reaction by the treatment of the
CH-acidic nitromethylenes [-N—C(E)=CH—NO,;
E = NHR?|, which react as nitroenamines (Rajappa,
1981), with one or more equivalents of an amine
(R*-NH,), and at least two molar equivalents of
the electrophile formaldehyde (HCHO) in a suit-
able solvent like alcohols, water, polar aprotic sol-
vents such as tetrahydrofuran, and N,N-dimethyl-
formamide, or solid paraformaldehyde (Figure 17;
Mannich adduct formation, pathway A). In some
cases, a small amount of a strong, nonoxidizing
acid, such as hydrochloric acid, can be used as a
catalyst. The Mannich adducts have a wide range of
substituents R® which inhibit the [*H]imidacloprid

R R2 1 2
| |
HetYN N, A Het ﬁ
[ T L
O,N 02 “R8

Figure 17 Formation and hydrolysis of Mannich adducts.
(Reproduced from Nauen, R., Ebbinghaus-Kintscher, A., Elbert,
A., Jeschke, P., Tietjen, K., 2001. Acetylcholine receptors as
sites for developing neonicotinoid insecticides. In: lishaaya, I.,
(Ed.), Biochemical Sites of Insecticide Action and Resistance.
Springer, New York, pp. 77-105.)
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Figure 18 ['®I] azidoneonicotinoid (AN) photoaffinity radioli-
gand, a useful probe to explore the structure and diversity
of insect nAChRs. (Reproduced from Tomizawa, M., Casida,
J.E., 2001. Structure and diversity of nicotinic acetylcholine
receptors. Pest Mgt Sci. 57, 914-922.)

binding site of Drosophila or Musca nAChR by
50% at 0.7-24.0nM (Latli et al., 1997). However,
at different pH values, hydrolysis of the Mannich
adducts can be observed (Figure 17; Mannich adduct
cleavage, pathway B).

Application of more stable Mannich adducts
in protein biochemistry led to the synthesis of
the ['**I]azidoneonicotinoid (AN) probe by using
1-(6-chloro-pyrid-3-ylmethyl)-2-nitromethylene-
imidazolidine (NTN32692) as the photoaffinity radi-
oligand (Latli et al., 1997; Maienfisch et al., 2003)
(Figure 18). This probe facilitated the identification
of insecticide-binding site(s) in insect nAChRs.

In the first photoaffinity labeling of an insect
neurotransmitter receptor, ['>’IJAN exhibited high
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Figure 19 Modification of the imidacloprid bridging chain and plsy values for the nicotinic acetylcholine receptor (nAChR)
from housefly head membranes. (Reproduced from Nauen, R., Ebbinghaus-Kintscher, A., Elbert, A., Jeschke, P., Tietjen, K.,
2001. Acetylcholine receptors as sites for developing neonicotinoid insecticides. In: lishaaya, |. (Ed.), Biochemical Sites of
Insecticide Action and Resistance. Springer, New York, pp. 77-105.)

affinity (8 nM), and successfully identified a 66 kDa
polypeptide in Drosophila head membranes. Several
cholinergic ligands and neonicotinoid insecticides,
like imidacloprid and acetamiprid, strongly inhib-
ited this photoaffinity labeling. Thus, the labeled
polypeptide is pharmacologically consistent with the
ligand- and insecticide-binding subunit of Drosophila
nAChR (Tomizawa and Casida, 1997, 2001).

3.3.5.3. Active metabolites of neonicotinoids From
the metabolic pathway (see Section 3.7.1) of imida-
cloprid it is known that hydroxylation of the
imidazolidine ring leads in general to the mono-
(R"=—H; R”=—0H) and the bishydroxylated (R’,
R” =—0H) derivatives, both of which have reduced
affinity (Figure 19). Alternatively, the mono (R’ =
—OH; R” =—H) derivative reflects a higher level of
efficacy (plso value 8.5) (Nauen et al., 2001; Sarkar
et al., 2001). Interestingly, the olefin metabolite
showed a higher plso value for nAChR from
housefly head membranes than imidacloprid, and
provides superior toxicity to some homopterans
after oral ingestion (Nauen et al., 1998b, 1999b).
This result suggests that for the central ring system
the exact rearrangement of the ring atoms, and not
the electronic effect of the ring system, seems to be
necessary for insecticidal activity. A similar phe-
nomenon has been described for the conjugated
pyridone derivatives (Kagabu, 1999).

3.4. Biological Activity and
Agricultural Uses

The biological activity and agricultural uses of
neonicotinoid insecticides are enormous’ and these
insecticides are continuing to see new uses (Elbert
and Nauen, 2004). It is definitely beyond the scope
of this chapter to provide a full overview of the
agronomic and horticultural cropping systems that
use neonicotinoid insecticides and readers inter-
ested in these aspects should refer to many articles

and book chapters published during the past
decade, e.g., Elbert et al. (1991, 1998), Yamamoto
(1999), Kiriyama and Nishimura (2002), and Elbert
and Nauen (2004). In order to provide a flavor of
the agricultural uses of neonicotinoids, and the
affected target pests, a few examples considering
imidacloprid are given below. Imidacloprid is pres-
ently the most widely used neonicotinoid insecticide
worldwide.

3.4.1. Efficacy on Target Pests

Due to their unique properties — high intrinsic acute
and residual activity against sucking and some
chewing insect species, high efficacy against aphids,
whiteflies, leafthoppers and planthoppers, and the
Colorado potato beetle, and excellent acropetal
translocation — neonicotinoids can be used in a vari-
ety of crops (Figure 20). These uses include: aphids
on vegetables, sugar beet, cotton, pome fruit, cereals,
and tobacco; leathoppers, planthoppers, and water
weevil on rice; whiteflies on vegetables, cotton, and
citrus; lepidopteran leafminer on pome fruit and
citrus; and wireworms on sugar beet and corn
(Table 4). Termites and turf pests such as white
grubs can also be controlled by imidacloprid (Elbert
et al., 1990, 1991).

Neonicotinoids such as imidacloprid and thia-
methoxam also control important vectors of virus
diseases, thereby impairing the secondary spread
of viruses in various crops. This control has been
observed, e.g., for the persistent barley yellow dwarf
virus (BYDV) transmitted by Rhopalosiphum padi
and Sitobion avenae (Knaust and Poehling, 1992).
Seed treatments proved highly effective in control-
ling barley yellow dwarfvirus vectors and the
subsequent infection, in a series of field trials in
southern England. Sugar beet seed, pelleted with
imidacloprid, was well protected especially against
infections with beet mild yellow virus transmitted
by the peach potato aphid, Myzus persicae (Dewar
and Read, 1990).
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Figure 20 Important pest insects targeted by neonicotinoid
insecticides. (a) Sweet-potato whitefly, Bemisia tabaci; (b) Color-
ado potato beetle, Leptinotarsa decemlineata; (c) green peach
aphid, Myzus persicae.

3.4.2. Agricultural Uses

Due to their high systemicity, diverse ways of appli-
cation are feasible and these methods have been
introduced into practice. Soil treatments can be
done by incorporation of granules, injection, appli-
cation with irrigation water, spraying, and use of
tablets. Plants or plant parts can be treated by seed
dressing, pelleting, implantation, dipping, injection,
and painting. These methods have led to a more
economic and environmentally friendly use of
these products, fitting well into various integrated
pest management (IPM) programmes. In this sec-
tion, imidacloprid has been chosen as an example
of a neonicotinoid, and a few examples of its use in
various crops is given. Such uses include treatments

Table 4 |Insecticidal efficacy of imidacloprid after foliar
application against a variety of pest insects under laboratory
conditions

Developmental LCgs, rounded

Pest species stage (ppm)

Homoptera

Aphis fabae Mixed

Aphis gossypii Mixed 1.6

Aphis pomi Mixed

Brevicoryne Mixed 40
brassicae

Myzus persicae Mixed 1.6

Myzus persicae Mixed
(tobacco)

Phorodon humuli Mixed 0.32

Laodelphax Third instar 1.6
striatellus

Nephotettix Third instar 0.32
cincticeps

Nilaparvata lugens Third instar 1.6

Sogatella furcifera Third instar 1.6

Pseudococcus Larvae 1.6
comstocki

Bemisia tabaci Second instar 8

Trialeurodes Adult 40
vaporariorum

Hercinothrips Mixed 1.6
femoralis

Coleoptera

Leptinotarsa Second instar 40
decemlineata

Lema oryzae Adult 8

Lissorhoptrus Adult 40
oryzophilus

Phaedon cochleariae Second instar 40

Lepidoptera

Chilo suppressalis First instar 8

Helicoverpa Second instar 200
armigera

Plutella xylostella Second instar 200

Heliothis virescens Egg 40

Spodoptera Second instar 200
frugiperda

for rice in Japan, cotton in the mid-south of the
USA, vegetables in Mexico, and cereals in France.
In these crops the neonicotinoid insecticides targets
mainly early-season pests.

3.4.2.1. Rice In Japan, nursery box application of
insecticides is a standard procedure, and it is current-
ly used in 50% of the rice-growing area. This type of
treatment is directed against early-season pests like
Lissorboptrus oryzophilus (rice water weevil) and
Lema oryzae (rice leaf beetle). In contrast to com-
mercially available products like carbosulfan, ben-
furacarb, and propoxur, which control mainly rice
water weevil and rice leaf beetle, imidacloprid
covers the whole spectrum of early-season pests



82 3: Neonicotinoid Insecticides

including N. cincticeps (green rice leathopper), Lao-
delphax striatellus (smaller brown planthopper),
and also mid- and late-season hopper species, like
Sogatella furcifera (white-backed planthopper) and
Nilaparvata lugens (brown planthopper). Benefits
of such nursery box applications include, reduced
labor input, longer residual effect, and reduced side
effects against nontarget organisms when compared
to surface treatments.

Based on S-year field trials, a use pattern for
imidacloprid against the main rice pests has been
established. When applied as a granule, 2 granular
GR with 1 g a.i. per nursery box (= 200 g a.i. ha™"')
0-3 days before transplanting, the product gives full
protection for 50-90 days against different hoppers
species. By controlling L. striatellus, a 91% reduction
of the rice stripe virus was observed. An excel-
lent residual effect was detected up to 50 days after
transplanting against L. oryzophilus, and up to
60 days against L. oryzae.

Apart from the seedling box application, imida-
cloprid can be used as a granule for water surface
application, as a wettable powder (WP) or as a dust
formulation for foliar treatment, and also as a seed
dressing to control the above mentioned pests on rice.
Under field conditions of such use, no apparent effects
from imidacloprid treatments were observed against
populations of the spiders Pardosa pseudoannulata
and Tetragnatha vermiformis.

Therefore, imidacloprid can be regarded very ef-
fective against rice insects and flexible to use, but it
is most efficient in nursery box application. It out-
performs other conventional insecticides due to its
broader efficacy and lower dose rates. Virus diseases
are suppressed through effective vector control, and
low toxicity has been observed against important
beneficials in rice.

3.4.2.2. Cotton The main cotton pests in the mid
South of the USA are Thrips tabaci, Lygus lineolaris
(tarnished plant bug), Neurocolpus nubilis (clouded
plant bug), Anthonomus grandis (boll weevil),
Heliothis virescens (tobacco budworm), and Helicov-
erpa zea (bollworm). Other pests such as Pseudato-
moscelis seriatus (cotton fleahopper), Aphis gossypii
(cotton aphid), Spodoptera exigua (beet army-
worm) and S. frugiperda (fall armyworm) are of lesser
importance in this region.

Thrips tabaci attacks the terminal bud and two to
four true leaves. The plant is damaged by a reduced
stand, retarding growth, killed buds, and delayed
fruiting, with significant yield reduction. Lygus line-
olaris damages by feeding on pinhead squares,
which causes young squares to shed. Terminal bud
injury leads to multiple branched plants (“crazy

cotton”). Symptoms caused by N. nubilis are similar
to those of L. lineolaris.

It is thus evident that damage caused by early-
season pests, such as thrips and bugs, can be very
important. Loss of first-position squares can have
detrimental effects on the yield potential of the
plant. If normal fruiting of cotton plants is prevented,
this can cause a delay in maturity, which in turn
necessitates additional late-season insecticidal appli-
cations to control bollworms, tobacco budworms,
and boll weevils.

A 480FS formulation (Gaucho®) is applied for
seed dressing, against early infestations of thrips
and aphids, at 250g a.i. per 100kg cotton seed
(37g a.i.ha™!). Against bugs and later attack of
aphids, three foliar split applications at low dose
rates are recommended (Provado® 1.6 F, 3x 15g
a.i.ha™' (Table 4). These should be done as band
sprays at intervals of 7-10 days. The first application
starts 30 days after emergence of the five leaf
stage, subsequent to the Gaucho® protection period.
The Heliothis—Helicoverpa complex is controlled
by conventional insecticides in mid-season, where-
as boll weevil and armyworms are controlled by
azinphos-methyl or cyfluthrin, respectively.

3.4.2.3. Vegetables Virus diseases have been
the main factors affecting the tomato and chilli pro-
duction in Mexico during the past 20 years,
and these diseases have led to significant yield reduc-
tions in many regions. These crops are grown
on approximately 160000 ha with constant virus
infestation in 30-35% of the fields, with persistent
viruses being the most important in Mexican agri-
culture. In tomato crops, viruses can infest up to
100% of the crop. The damage depends on the
type of virus, the population density of vectors,
and the developmental stage of the crop. Protection
by conventional insecticide treatments under plas-
tic covered greenhouses, however, has not given
satisfactory results (Elbert and Nauen, 2004).

3.4.2.4. Cereals The traditional method in
controlling virus vectors in Europe is regular moni-
toring of aphid attack of young wheat and barley
plants after emergence in autumn. If the threshold of
10% infested plants with at least one aphid per
plant has been surpassed, usually a pyrethroid will
be sprayed. Monitoring has to be continued,
because the residual effect of the treatment may be
insufficient for vector control. Depending on climat-
ic conditions and the duration of the aphid attack, a
second or a third application may be required. This
rather time consuming and difficult procedure can
be avoided by a seed treatment with imidacloprid.
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Barley yellow dwarf virus vectors such as R. padi
and S. avenae are controlled and the secondary
spread of the disease is inhibited. In contrast to
one or several sprays, seed dressing as the only
treatment assures prolonged protection during the
critical period, when virus transmission is of impor-
tance. Furthermore pyrethroid sprays with a broad
spectrum of activity can be substituted by only one
application of imidacloprid, which has virtually no
effects on beneficials and other nontarget organ-
isms. High yield varieties achieve their optimum
yield potential only if they are sown early, which
implies an enhanced risk of infestation with aphids
and, consequently, with barley yellow dwarf virus.
As Gaucho® controls aphids and suppresses the
infection with this virus, early-sown cereals are
especially well protected against insects and dis-
eases. Therefore, a better tillering is achieved and
15-25% of the seed can be saved.

Both imidacloprid seed treatment and pyre-
throid spray application have very good to excellent
effects against the vector R. padi. The acute effect of
the pyrethroid was better due to its quick knock-
down activity. Imidacloprid alternatively acts more
slowly, so, it takes more time to kill invading aphids,
but its residual effect is much more pronounced.
Thus imidacloprid use results in long-lasting control
of aphids and, as a consequence, considerably better
prevention of virus symptoms. A yield increase
of 26% over untreated controls was achieved in
comparison with, 10% achieved by pyrethroid
treatment.

Field trials over 4 years in France confirmed that
both wheat and barley are well protected against the
above-mentioned pests and diseases. In an average
of 76 trials in wheat and 66 trials in barley a yield
increase of 3.1dt ha' and 4.4 dt ha™", respectively;
was obtained with the Gaucho® treatment when
compared with untreated.

3.4.3. Foliar Application

Spray applications are especially used against pests
attacking crops such as cereals, maize, rice, pota-
toes, vegetables, sugar beet, cotton, and deciduous
trees. Table 4 shows the acute activity (estimated
LCos (lethal concentration at which 95% of insects
are killed) in ppm a.i.) of imidacloprid against a
variety of pests, following foliar application (dip
and spray treatment) of host plants under laborato-
ry and greenhouse conditions. Imidacloprid was very
active to a wide range of aphids. The most suscepti-
ble was the damson hop aphid Phorodon humuli
(LCos 0.32 ppm), which is often highly resistant
against conventional insecticides (Weichel and
Nauen, 2003). Imidacloprid was highly effective

against some of the most important rice pests, such
as leafhoppers and planthoppers, rice leaf beetle
L. oryzae and rice water weevil L. oryzophilus.
Although imidacloprid is generally less effective
against biting insects, its efficacy against the Color-
ado potato beetle Leptinotarsa decemlineata is
relatively high (LCos 40 ppm). The LCos values
for the second or third instar larvae of some of the
most deleterious noctuid pest species of the order
Lepidoptera, Helicoverpa armigera, Spodoptera
frugiperda, and Plutella xylostella, were approx-
imately 200 ppm, and higher than those for the
species mentioned above (Elbert et al., 1991).

3.4.4. Soil Application and Seed Treatment

Typical soil insect pests such as Agriotes sp., Dia-
brotica balteata, or Hylemyia antiqua were con-
trolled by incorporation of 2.5-5 ppm a.i. into the
soil. Higher concentrations of imidacloprid are
necessary to control Reticulitermes flavipes (7 ppm)
and Agrotis segetum (20 ppm). However, imidaclo-
prid activity is much more pronounced against early-
season sucking pests, which attack the aerial parts of
a wide range of crops. Soil concentrations as low
as 0.15ppm a.i. gave excellent control of Myzus
persicae and Apbhis fabae on cabbage in greenhouse
experiments (Elbert et al., 1991). A good residual
activity is essential for the protection of young plants.

3.5. Mode of Action

The biochemical mode of action of neonicotinoid
insecticides has been studied and characterized
extensively in the past 10 years. They act selectively
on insect nAChRs, a family of ligand-gated ion
channels located in the CNS of insects and responsi-
ble for rapid neurotransmission. The nAChR is a
pentameric transmembrane complex, and each sub-
unit consists of an extracellular domain containing
the ligand binding site and four transmembrane
domains (Nauen et al., 2001; Tomizawa and
Casida, 2003). Neonicotinoid insecticides bind to
the acetylcholine binding site located on the hydro-
philic extracellular domain of a-subunits. Their
ability to displace tritiated imidacloprid from its
binding site correlates well with their insecticidal
efficacy (Liu and Casida, 1993a; Liu et al., 1993b).
[*H]imidacloprid binds with nanomolar affinity to
nAChR preparations from insect tissues, and next to
the less specific a-bungarotoxin, it is the preferred
compound in radioligand competition studies (Lind
et al., 1998; Nauen et al., 2001). Furthermore,
electrophysiological studies revealed that neonicoti-
noid insecticides act agonistically on nAChR, and
this interaction is again very well correlated with
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their potential to control target pest species. In con-
trast antagonistic compounds of mammalian
nAChR were shown to be far less active as insecti-
cides (Nauen et al., 1999a). All neonicotinoid insec-
ticides act with nanomolar affinity against housefly
and other insect nAChRs, except thiamethoxam,
which exhibits a comparatively low affinity for the
[*H]imidacloprid binding site. This low affinites
was attributed to its proneonicotinoid nature (see
Sections 3.3.5 and 3.3.5.1), as it was shown to be
activated to clothianidin in insects and plants
(Nauen et al., 2003).

The mode of action of neonicotinoid insecticides
has been described in several excellent reviews
which should serve as a primary source for further
informations (Kagabu, 1997a; Matsuda et al., 2001;
Nauen et al., 2001; Tomizawa and Casida, 2003).
These reviews describe our current knowledge of the
structure and function of insect nAChR, charac-
terized by receptor binding studies, phylogenetic
considerations regarding receptor homologies
between orthologs from different animal species,
and electrophysiological investigations, as well as
the description of a vast range of a structurally
diverse receptor ligands, of course with an emphasis
on neonicotinoid insecticides.

3.6. Interactions of Neonicotinoids
with the Nicotinic Acetylcholine
Receptor

3.6.1. Selectivity for Insect over
Vertebrate nAChRs

Electrophysiological measurements reported in
numerous studies have revealed that nAChRs are
widely expressed in the insect nervous system on
both postsynaptic and presynaptic nerve terminals,
on the cell bodies of interneurons, motor neurons,
and sensory neurons (Goodman and Spitzer, 1980;
Harrow and Sattelle, 1983; Sattelle et al., 1983;
Breer, 1988; Restifo and White, 1990). Schroder
and Flattum (1984) using extracellular electrophys-
iological recordings were the first to identify that the
site of action of the nitromethylene nithiazine was
on the cholinergic synapse. A number of subsequent
electrophysiological and biochemical binding stud-
ies revealed that the primary target of the neonico-
tinoids were the nAChRs (Benson, 1989; Sattelle
et al., 1989; Bai et al., 1991; Leech et al., 1991;
Cheung et al., 1992; Tomizawa and Yamamoto,
1992, 1993; Zwart et al., 1992; Liu and Casida,
1993a; Tomizawa et al., 1996). Recent electrophys-
iological studies indicate that imidacloprid acts as
an agonist on two distinct nAChR subtypes on

cultured cockroach dorsal unpaired motoneuron
(DUM) neurons (Buckingham et al., 1997), an
a-bungarotoxin (a-BGTx) sensitive nAChR with
“mixed” nicotinic/muscarinic pharmacology and an
a-BGTx insensitive nAChR. Such electrophysiologi-
cal observations were supported by binding studies
with [*Hlimidacloprid in membrane preparations
from M. persicae. These ligand competition studies
revealed the presence of high and low-affinity nAChR
binding sites for imidacloprid in M. persicae (Lind
et al., 1998).

The identification of multiple putative nAChR
subunits by molecular cloning is consistent with a
substantial diversity of insect nAChRs (Gundelfinger,
1992). At present, at least five different subunits
have been cloned from Drosophila melanogaster
(Schulz et al., 1998), from the locust Locusta migra-
toria (Hermsen et al., 1998), and from the aphid
M. persicae (Huang et al., 1999). Despite the con-
siderable number of subunits identified, only a few
functional receptors were obtained after expression of
different subunit combinations in Xenopus oocytes or
cell lines. Initial work suggested that some subunits
can form homooligomeric functional receptors when
expressed in Xenopus oocytes. This was shown for
Lal from the locust Schistocerca gregaria (Marshall
etal.,1990; Amar et al., 1995), and for the Mpa1 and
Mpo2 from M. persicae (Sgard et al., 1998). How-
ever, the expression of these subunits was not very
effective and generated only small inward currents
(5-50nA) following application of nicotine or
acetylcholine. Alternatively, all three Drosophila
o subunits (ALS, SAD, and Da2) can form functional
receptors in Xenopus oocytes when coexpressed with
a chicken neuronal B2 subunit (Bertrand et al., 1994;
Matsuda et al., 1998; Schulz et al., 1998), suggesting
that additional insect nAChR subunits remain to be
cloned. Radioligand binding studies using several
M. persicae o subunits coexpressed with a rat B2
subunit in the Drosophila S2 cell line also indicate
pharmacological diversity in M. persicae (Huang
et al., 1999). In these binding studies it was shown
that imidacloprid selective targets were formed by
Mpo2 and Mpa3, but not Mpal subunits. These
examples indicate that our understanding of the
complexity of insect nAChR is still limited, and that
electrophysiology will play an essential role in deter-
mining the significance of certain subunit combi-
nations in the mode of action of neonicotinoid and
other insecticidally active ligands.

3.6.2. Whole Cell Voltage Clamp of Native Neuron
Preparations

The use of isolated neurons from insect CNS
for electrophysiological studies is a suitable tool to
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investigate the mode of action of new insecticidal
compounds, which act on a range of neuronal
target sites. Primary neuronal cell cultures from
H. virescens larvae, one of the most important lepi-
dopteran pest species, is one of these suitable tools.
H. virescens neurons respond to the application of
ACh, with a fast inward current of up to SnA at
a holding potential of —70 mV. The current reversed
at a holding potential close to O0mV, indicating
the activation of nonspecific cation channels, i.e.,

Figure 21 illustrates the whole cell currents
elicited by application of 1uM nithiazine and the
second generation neonicotinoids, acetamiprid,
nitenpyram, and clothianidin. All of these com-
pounds act as agonists on the nAChR, but the
potency and agonistic efficacy of each of these
compounds were quite different. Imidacloprid and
clothianidin were the most potent compounds in
this Heliothis preparation with an ECsq of 0.3 uM
(Table 5). In the case of imidacloprid there was good

nAChRs. agreement with electrophysiological measurements
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Figure 21 Whole cell current responses of a neuron isolated from the CNS of Heliothis virescens after application of different
neonicotiniods. The dose-response curve was fitted by the Hill equation. All currents were first normalized to mean amplitudes
elicited by 10 UM ACh before and after each test concentration was applied, and then normalized to the relative amplitude elicited
by 1000 uM ACh. ECso values given correspond to the half maximal activation of nAChR by each agonist. The Hill coefficient (ny)
of all tested compounds was close to 1. The upper inset shows the corresponding responses for the neonicotinoids at 1 uM
(holding potential —70 mV). All currents were obtained from the very same neuron. (Reproduced with permission from Nauen, R.,
Ebbinghaus-Kintscher, A., Elbert, A., Jeschke, P., Tietjen, K., 2001. Acetylcholine receptors as sites for developing neonicotinoid
insecticides. In: lishaaya, I. (Ed.), Biochemical Sites of Insecticide Action and Resistance. Springer, New York, pp. 77-105.)

Table 5 Comparison between electrophysiological and [*H]imidacloprid displacement potencies for different neonicotinoids and
epibatidine on insect nAChRs. Electrophysiological data (ECso and relative (agonist) efficacy) were obtained from neuron cell
bodies isolated from the CNS of Heliothis virescens. ECsy and relative efficacy values represent the mean of n separate experiments
on different neurons. The inhibition of [3H]imidac|oprid binding to nAChR in housefly head membrane preparations by the
compounds is expressed as plsg value (plsg values (= —log M) correspond to the concentration of cold ligand displacing 50% of
bound [3H]imidacloprid from housefly head membranes)

Compound n ECs (uM=+ SD) Relative efficacy (1mM ACh= 1) [®H]imidacloprid pls,
Imidacloprid 4 0.31 £ 0.15 0.14 £+ 0.02 9.3
Clothianidin 3 0.33 + 0.03 0.99 + 0.08 9.2
Acetamiprid 3 1.07 £ 0.37 0.56 4+ 0.05 8.7
Nitenpyram 3 1.66 + 0.38 0.98 £+ 0.07 8.6
(£)-Epibatidine 3 1.69 £ 0.79 0.20 £ 0.05 6.2
Nithiazine 4 9.60 + 3.20 0.79 £+ 0.06 6.8

Reproduced with permission from Nauen, R., Ebbinghaus-Kintscher, A., Elbert, A., Jeschke, P., Tietjen, K., 2001. Acetylcholine
receptors as sites for developing neonicotinoid insecticides. In: lishaaya, I. (Ed.), Biochemical Sites of Insecticide Action and
Resistance. Springer, New York, pp. 77-105.
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recorded from isolated cockroach neurons, where
imidacloprid exhibited an ECsy of 0.36 uM (Orr
et al., 1997). Acetamiprid, nitenpyram, and the nat-
ural toxin epibatidine exhibited an ECsg of between
1 and 2uM (Table 5). Similar values were also
observed for the cockroach preparation, with an
ECso between 0.5 and 0.7 uM for epibatidine and
acetamiprid (Orr et al., 1997). Nithiazine had the
lowest potency, with an ECsq of about 10 uM. The
neonicotinoids, clothianidin, and nitenpyram were
full agonists, whereas acetamiprid, epibatidine,
and imidacloprid were partial agonists. The maxi-
mal response elicited by saturable concentrations of
imidacloprid (100 pM) was only 15% of the maxi-
mal current obtained by 1000 uM ACh. In earlier
work on isolated cockroach neurons (Orr et al.,
1997) and isolated locust neurons (Nauen et al.,
1999b), it was also found that imidacloprid acted
as a partial agonist on insect nAChRs. The partial
agonistic action of imidacloprid was also observed
with chicken 042 nAChRs, and on a hybrid nAChR
formed by the coexpression of a Drosophila o sub-
unit (SAD) with the chicken B2 subunit in Xenopus
oocytes (Matsuda et al., 1998). Imidacloprid acti-
vates very small inward currents in clonal rat phaeo-
chromocytoma (PC 12) cells, thus also indicating
partial agonistic actions (Nagata et al., 1996).
Furthermore, single-cell analysis revealed that
imidacloprid activates predominatly a subconduc-
tance of approximately 10 pS, whereas acetylcho-
line activated mostly the high conductance state
with 25 pS. Multiple conductance states were also
observed in an insect nAChR reconstituted into pla-
nar lipid bilayers (Hancke and Breer, 1986) and on
locust neurons (van den Breukel et al., 1998).

3.6.3. Correlation between Electrophysiology and
Radioligand Binding Studies

There is a good correlation between electrophysio-
logical measurements, using isolated Heliothis neu-
rons, and radioligand binding studies on housefly
head membranes regarding the affinity of different
ligands to nAChRs (Figure 22). This good correla-
tion for the neonicotinoids may indicate that house-
flies (binding data) and tobacco budworms
(electrophysiology) have similar binding sites for
imidacloprid and related compounds. Biochemical
investigations using [*HJimidacloprid as a radi-
oligand in a number of different insect membrane
preparations, e.g., from Periplaneta americana,
Lucilia sericata, D. melanogaster, Manduca sexta,
H. virescens, Ctenocephalides felis, M. persicae, and
N. cincticeps, indicate that many (if not all) insects
have high specific imidacloprid binding sites with
nearly identical Ky values of ~1-10nM (Lind et al.,
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Figure 22 Comparison between electrophysiological and
binding potencies of different neonicotinoids and nicotinoids.
Electrophysiological data were obtained from neuron cell
bodies isolated from the CNS of Heliothis virescens. pECsq values
(= —log M) correspond to the half maximal activation of nAChR by
each agonist. Binding data: plsg values (= —log M) correspond to
the concentration of cold ligand displacing 50% of bound [*H]imi-
dacloprid from housefly head membranes. (Reproduced from
Nauen, R., Ebbinghaus-Kintscher, A., Elbert, A., Jeschke, P.,
Tietjen, K., 2001. Acetylcholine receptors as sites for developing
neonicotinoid insecticides. In: lishaaya, |. (Ed.), Biochemical
Sites of Insecticide Action and Resistance. Springer, New York,
pp. 77-105.)

1998). However, it was also found that only the
homopteran species seems to have an additional
very high affinity binding site.

In general, the plsg values obtained by the dis-
placement of specifically bound [*H]imidacloprid
from housefly head membranes were two to four
orders of magnitude higher than the electrophysio-
logically determined pECso values obtained from
isolated Heliothis neurons. Similar differences in
biochemical binding and functional assay studies
were also observed for different vertebrate nAChRs
(review: Holladay et al., 1997). A possible explana-
tion for this phenomenon might be provided by
considering the following: it is generally accepted
that each nAChR can exist in multiple states, i.e., a
resting state, an active (open) state, and one or more
desensitized state(s), each of which has different
affinities for ligands. The active state has a low
affinity for ACh (K4 ranging from about 10 pM to
1000 uM), whereas the desensitized state(s) has a
higher affinity (Ky ranging from about 10nM to
1 uM) for nicotinic ligands (Lena and Changeux,
1993).

The kinetics of the transitions between these
states have been resolved for Torpedo nAChR
in vitro. The rate of isomerization between the rest-
ing and active state lies in the ps to ms timescale, and
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within the desensitized state over a timeframe of
seconds to minutes (Changeux, 1990, cited in Lena
and Changeux, 1993). Because binding studies are
conducted over a timescale of minutes to hours they
may reflect interaction with the desensitized state(s),
whereas electrophysiological studies measure the
interaction of ligands with the active state. Con-
sidering this, it is surprising that there is a direct
correlation between electrophysiological and bio-
chemical binding studies for natural alkaloids such
as (—)-nicotine, cytisine, (+)-epibatidine and ana-
toxin A (Figure 22). For these compounds the plsg
and pEC;sq values were in the same range, with a
good correlation. It is a general observation that
natural alkaloids such as nicotine and epibatidine
exhibit an agonistic potency in electrophysiological
assays on isolated cockroach neurons (Bai et al.,
1991; Buckingham et al., 1997; Orr et al., 1997),
Heliothis neurons (Figure 22), and locust neurons
(Nauen et al., 1999b) (see below). This potency is
comparable to highly insecticidal neonicotinoids
like imidacloprid. Matsuda et al. (1998), using a
hybrid receptor formed by the coexpression of
the Drosophila o subunit SAD with the chicken {32
observed a comparable agonistic potency for both
(—)-nicotine and imidacloprid. However, the ago-
nistic potency of (+)-epibatidine was about two
orders of magnitude greater. In contrast, all binding
studies using [*H]imidacloprid on housefly head
membranes (Liu and Casida, 1993a, 1993b; Liu
et al., 1995; Wollweber and Tietjen, 1999), whitefly
preparations (Chao et al., 1997; Nauen et al., 2002;
Rauch and Nauen, 2003), and Myzus prepara-
tions (Nauen et al., 1996, 1998a; Lind et al.,
1998), indicate that imidacloprid has a consider-
ably higher potency in replacing specifically bound
[*H]imidacloprid than (—)-nicotine.

3.7. Pharmacokinetics and Metabolism

Neonicotinoids have moderate and different water
solubility. They are nonionized and not readily
hydrolyzed at physiological pH values (Table 3).
The substances are biodegradable, therefore no ac-
cumulation was observed in mammals or through
food chains (Roberts and Hutson, 1999). Neonico-
tinoid metabolism involves mostly detoxification
reactions evident in three pathways (Tomizawa and
Casida, 2003): (1) the brief period for poisoning
at sublethal doses in both insects and mammals,
(2) the synergistic effects of detoxification inhibi-
tors on insecticidal action, and (3) the potency of
metabolites relative to the parent compounds on
nAChRs. The pharmacokinetics of neonicotinoids

and imidacloprid have been investigated in S. littor-
alis, and the obtained profiles were consistent with
high metabolism and an important role of non-
target tissues as sinks in this less responsive species
(Greenwood et al., 2002).

3.7.1. Metabolic Pathways of
Commercial Neonicotinoids

3.7.1.1. Imidacloprid The metabolism of imida-
cloprid is strongly influenced by the method of
application (Nauen et al., 1998b). Depending on
time and plant species, imidacloprid is degraded
more or less completely, as comparative studies in
many field crops have revealed (Araki et al., 1994).
The uptake and translocation of ['*Climidacloprid
after foliar application was studied in cotton. These
studies showed that imidacloprid is taken up readily
when mixed with the adjuvant Silwet L-77, then
translocated acropetally and rapidly metabolized
(Nauen er al., 1999b). Experiments with seed-
treated cotton plants revealed that only 5% of the
applied imidacloprid was taken up by the young
plant, and that 27 days after sowing, approximately
95% of the parent compound was metabolized
(Troltzsch et al., 1994).

From results of soil metabolism studies it was
found that imidacloprid is completely degradable
and will not persist in soil. Under standard labo-
ratory conditions the aerobic degradation of imida-
cloprid has a half-life (DTsp) of 156 days. The a.i.
is degradated to carbon dioxide, and any residues
are firmly bound to the soil matrix (Krohn and
Hellpointer, 2002). Radioactively labeled imidaclo-
prid shows that other degradation products, >10%
of the applied radioactivity, do not occur. Sunlight
and anaerobic conditions accelerated the degrada-
tion of imidacloprid. The degradation pathway
shows that the neonicotinoid itself, and not the
individual degradation products of the parent com-
pound, is present in soil (Krohn and Hellpointer,
2002). Imidacloprid is not stabile in an aqueous
environment, and in such an environment sunlight
further accelerates the degradation.

The metabolism of imidacloprid was studied in
tomatoes, potatoes, and maize (Roberts and Hutson,
1999) (Figure 23). In experiments using tomatoes,
["*C-pyridinyllimidacloprid was applied to fruits.
The main metabolites were the N-desnitro-imida-
cloprid and the 4- and 5-hydroxy derivatives (see
Section 3.3.5.3). Small amounts of the cyclic urea,
the N-nitroso compound were identified. A similar
pattern of metabolites to the above mentioned was
described for vines, together with a trace of the
bicyclic triazinone. Traces of parent imidacloprid
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Figure 23 Proposed pathway of imidacloprid metabolism in plants. (Reproduced with permission from Roberts, T.R., Hutson,
D.H. (Eds.), 1999. Metabolic Pathways of Agrochemicals, Part 2, Insecticides and Fungicides. Cambridge University Press,

Cambridge.)

and 6-chloro-nicotinic acid (6-CNA) were detected
in the tubers. Koester (1992) studied the comparative
metabolism of imidacloprid in suspension cultures
of cells of several plant species including soybean
and cotton, and found that the initial pathway of
degradation proceeded mainly by monohydroxyla-
tion of the imidazolidine ring and dehydration to
the olefin (see Section 3.3.5.3). Small amounts of
6-CNA and the 6-chloro-picolyl alcohol (6-CPA)
and its glucopyranosid were formed. These identified

metabolites are consistent with those found in
whole plants.

3.7.1.2. Thiacloprid The metabolic pathway of
the systemic thiacloprid, in quantitative and also
qualitative terms, is similar in all crops (fruiting
crops, cotton) investigated (Klein, 2001). The par-
ent compound labeled in [methylene-'*C]-position
is always the major component. The presence of
high amounts of 6-CNA in cotton seed is due to
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the accumulation of this acid in the seed as a phloem
sink, after being secreted from the apoplasm into
the phloem as a trap compartment for weak acids
(Klein, 2001). It originated from leaf metabolism,
where it was also detected (Klein, 2001). All main
metabolites identified in plants were also detected
in the rat and livestock metabolism study. By using
two different labeling positions ([methylene-'*C]
and [thiazolidine-'*C]), besides the unchanged par-
ent compound, 25 metabolites were isolated and
identified in the rat excreta. In goats and hens
the residue levels in tissues and organs, as well as
in milk and eggs, were low due to the fast elimina-
tion. There was no bioaccumulation of residues
in any of the tissues. Generally, the metabolism of
thiacloprid proceeded via the following pathways
(Klein, 2001):

® hydroxylation of the parent compound at the
4-position of 1,3-thiazolidine ring and oxidative
cleavage at the methylene bridge leading to 6-CPA
and 6-CNA followed by conjugation of these two
aglycones with sugars

® the corresponding 1,3-thiazolidine ring metabo-
lites mainly comprised of the free 1,3-thiazolidine,
the 4-hydroxylated 1,3-thiazolidine and its 4,5-
dehydro (olefinic) derivative, as well as conjugates

® the N-nitrile moiety was hydrolyzed to the
corresponding N-amide derivative, which was
then N-hydroxylated

® the 1,3-thiazolidine ring system was cleaved in
1-position and the sulfur oxidized or methylated,
forming the sulfonic acid or the S-methy-sulfoxyl
and S-methyl-sulfonyl group, respectively.

3.7.1.3. Thiamethoxam In metabolism studies,
the bulk of thiamethoxam (84-95%) was excreted
in the urine with a small amount (2.5-6%) in the
feces within 24 h, primarily as unchanged parent
compound. This was also observed in rats, mice,
ruminants, and poultry. Hydrolysis of the perhydro-
1,3,5-oxadiazine ring system in thiamethoxam
followed by N-demethylation is described as the
major metabolic pathway; two other compounds
are formed by loss of the N-nitro group from either
metabolite. Reduction of the N-nitro group to a
hydrazine, and subsequent conjugation with 2-oxo-
propionic or acetic acids results in several major
metabolites. Thiamethoxam metabolism was well
investigated in plants like maize, rice, pears, and
cucumbers. The active ingredient exhibits a systemic
behavior, i.e., it is translocated via the roots into
the whole plant. An accumulation was observed at
the leaf borders, with very low residue levels. The
same metabolites were found in cereals and fruits.

An aqueous photolysis study with radiolabeled
thiamethoxam indicated that the neonicotinoid
degrades significantly under photolytic conditions
(Schwartz et al., 2000).

3.7.1.4. Nitenpyram The polar nitenpyram has a
relatively short persistence in soil (DTs5¢ 1-15 days),
which probably offsets the relatively weak sorp-
tion that might otherwise lead to mobility through
soils. In plants the metabolites 2-[N-(6-chloro-3-
pyridylmethyl)-N-ethylJamino-2-methyliminoacetic
acid (CPMA) and N-(6-chloro-3-pyridylmethyl)-N-
ethyl-N-methylformamidine (CPMF) were formed.
Presumably CPMF was produced in the field by
decarboxylation of CPMA (Tsumura et al., 1998).
Animal metabolism was investigated by oral admin-
istration of nitenpyram labeled with '*C to rats.
As a result, 95-98% of the '*C administered was
excerted into urine within 2 days after treatment and
no accumulation of '*C in the internal organs was
observed. The results reflect the high water solubility
(840g171), and the low partition coefficient (log
Pow = —0.64 at 25 °C) of nitenpyram may contrib-
ute to its low toxicity against mammals (Akayama
and Minamida, 1999).

3.7.1.5. Acetamiprid Acetamiprid is a mobile,
rapidly biodegradable compound in most soil. The
primary degradation pathway is aerobic soil metab-
olism. Acetamiprid is relatively stable to hydrolysis
at environmental temperatures, and photodegrades
relatively slowly in water, whereas it is rapidly
degraded in soils to form N-(6-chloro-pyrid-3-yl-
methyl)-N-methyl-amine and 6-CNA. The DTs,
values of acetamiprid in clay loam or light clay
soils were in range of 1-2 days. In soil from the
field or that used in container studies, acetamiprid
degraded very rapidly (half-life 12 days). The main
pathway was nitrile oxidation of acetamiprid into
the N-amidino derivative, which cleaved, afford-
ing the N-(6-chloro-pyrid-3-ylmethyl)-N-methyl-
amine and finally to 6-CNA. Mineralization to
carbon dioxide followed.

Acetamiprid accounted for the majority of the
residue in the crops, and metabolites occurred in
negligible amounts. The main component found in
plant metabolism studies was the parent acetami-
prid. Small amounts of N-demethylacetamiprid
were formed which cleaved to give 6-CNA and to
a lesser extent oxidized to 6-CPA. The latter in turn
either formed a conjugate with glucose or was also
thought to form a N-(6-chloro-pyrid-3-ylmethyl)-N-
methylamine as a minor metabolite (Tokieda et al.,
1998; Roberts and Hutson, 1999) (Figure 24).
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Figure 24 Proposed pathway of acetamiprid metabolism in plants. (Reproduced with permission from Roberts, T.R., Hutson, D.H.
(Eds.), 1999. Metabolic Pathways of Agrochemicals, Part 2, Insecticides and Fungicides. Cambridge University Press, Cambridge.)

The metabolic fate of [2,6-'*C-pyridine]acetamiprid
was investigated in eggplants and apples following
application to foliage or fruit, and in cabbage plants
after application to foliar and soil. Parent acetami-
prid was slowly metabolized to similar products in
all plants. Acetamiprid was absorbed by and pene-
trated the foliage well but it was poorly translocated
(Roberts and Hutson, 1999).

3.7.1.6. Clothianidin Studies of the metabolic
pathway of clothianidin in maize and sugar beet
show a clear and consistent picture (Klein, 2003).
The parent compound is always the major compo-
nent of the residue in the edible parts of the
crops. Up to seven metabolites were identified, but
most of them did not exceed 10% of the total radio-
active residues. Furthermore, all the main meta-
bolites identified in plants were also detected in
rat metabolism studies (Klein, 2003; Yokota et al.,
2003). Generally, the following reactions are
involved in the metabolic pathway of clothianidin
in maize and sugar beets after seed treatment
application:

® N-demethylation to form the N-demethyl clothia-
nidin and subsequent hydrolysis to produce the
N-(2-chloro-1,3-thiazol-5-ylmethyl)urea;
hydrolysis of the N'-nitroimino moiety to form
N-(2-chloro-1,3-thiazol-5-yl)-N'-methylurea and
subsequent N-demethylation to form N-(2-chloro-
1,3-thiazol-5-yl)urea;

denitrification (reduction) to form N-(2-chloro-
1,3-thiazol-5-yl)-N-methylguanidine and C-N
bond cleavage within the compound to form
N-methylguanidine;

C—N bond cleavage (loss of the 1,3-thiazol-
5-ylmethyl moiety) to form N-methyl-N'-nitro-
guanidine;

N-demethylation of N-methyl-N'-nitroguanidine
to form N'-nitroguanidine;

denitrification (reduction of N-methyl-N'-nitro-
guanidine to form N-methylguanidine);

C—N bond cleavage of N-(2-chloro-1,3-thiazol-
5-yl)-N'-nitroguanidine to form nitroguanidine;
and

C—N bond cleavage (loss of the N’-nitroimino
moiety) and subsequent oxidation of the
intermediate to form 2-chloro-1,3-thiazol-5-
carboxylic acid.

Unchanged parent compound is the major consti-
tuent of the residue at harvest. The major path-
way of metabolism involves N-demethylation of
clothianidin to produce N-(2-chloro-1,3-thiazol-
S-ylmethyl)-N'-nitroguanidine. In some crop parts
N-methylguanidine made up some 20% of the
residue at harvest (Klein, 2003).

3.8. Pharmacology and Toxicology

Because of the target site selectivity, neonicotinoids
are more toxic to aphids, leafhoppers, and other
sensitive insects than to mammals and aquatic life
(Matsuda et al., 1998; Yamamoto et al., 1998;
Tomizawa et al., 2000; Tomizawa and Casida,
2003). Comparative binding studies on insects
nAChRs indicate that their ability to displace triti-
ated imidacloprid from its binding site correlates
well with their insecticidal efficacy (Kagabu,
1997a; Nauen et al., 2001).
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3.8.1. Safety Profile

The introduction of imidacloprid as the first CNI
was a milestone in the general effort to enhance the
environmental safety of crop protection agents
(Krohn and Hellpointer, 2002) (Tables 6 and 7).

3.8.1.1. Mammalian toxicity The safety factor of
imidacloprid, that means the ratio of the lethal doses
for mammals toinsects, can be estimated as 7300 from
the LDy, value of 0.062 mgkg ™! for M. persicae by
topical application and an oral LD;sq value for rats of
450 mgkg ! (Table 6) (Elbert et al., 1990). Therefore
imidacloprid ranks as an insecticide with high selec-
tive toxicity.

Thiacloprid possesses a low acute toxicity. Birds
and mammals are at neither acute nor chronic risk
when thiacloprid is applied at the recommended
dose under practical conditions.

After oral dosing to rats, thiamethoxam is rapidly
and completely absorbed, and up to 90% of the
applied material is readily eliminated as parent com-
pound through the urine. Thiamethoxam has a low
acute toxicity when applied to rats either orally,
dermally, or by inhalation (Table 6). The neonicoti-
noid is not irritant to skin and eyes, and has no
sensitizing potential (Maienfisch et al., 1999a,
2001a). Acute and absorption subchronic neurotox-
icity studies in rats showed that thiamethoxam is
devoid of any neurotoxic potential. However, mech-
anistic studies showed thiamethoxam demonstrated
a phenobarbital-like induction of enzymes in mouse
liver. In repeat dose feeding studies in rodents and
dogs, the liver and kidneys (rat only) were the main
target organs. In life-time rodent feeding studies,
mice showed an increased incidence of liver tumors,
which was specific to this species since a chronic
rat study showed thiamethoxam had no tumorigen-
ic potential (Maienfisch et al., 2001a). A 12-month
dog feeding study produced some alterations in
blood chemistry, and a minimal change was seen in
testes weight in two males at 1500 ppm, and tubular
atrophy was observed at 750 and 1500 ppm. Der-
mal absorption studies in rats, and iz vitro studies
with rat and human skin, resulted in very low
absorption of thiamethoxam. After an exposure
time of 6h the systemic absorption of thia-
methoxam was between 0.4% and 2.7% within
6 h, and between 0.8% and 2.9% within 48 h. Oral
reproductive toxicity studies showed no evidence of
developmental impairment or teratogenic potential
(Maienfisch et al., 1999a).

Nitenpyram has a minimal adverse effect against
mammals (Akayama and Minamida, 1999) (Table 6).

Acetamiprid is of relatively low toxicity to mam-
mals, and it has been classified as an “unlikely”

human carcinogen. In mammals, acetamiprid caused
generalized, nonspecific toxicity and did not appear
to have specific target organ toxicity. Acetamiprid
has relatively low acute and chronic toxicity in
mammals, and there was no evidence of carcino-
genicity, neurotoxicity, and/or endocrinic disrup-
tion. Aggregate risk estimates for acetamiprid for
food and water do not raise concern for acute and
chronic levels of exposure. The acute oral toxicity to
male rat (LDso 217mgkg ') and mouse (LDsq
198 mgkg '), as well as female rat (LDs, 146 mg
kg™!) and mouse (LDs, 184 mgkg™") is noncritical.
The acute dermal toxicity to male and female rats is
low (>2000 mg kg '). Toxicological tests for aceta-
miprid, e.g., irritation to skin and eyes (rabbit),
sensitization to skin (guinea pig), and mutagenicity,
as evaluated by the Ames test, were all negative.

3.8.1.2. Environmental fate The fate of crop pro-
tection agents such as neonicotinoids in the environ-
ment includes its behavior in the soil, water, and air
compartments (Stupp and Fahl, 2003). After appli-
cation of a crop protection agent (as a formulation)
to crops or in/on soil, a part of the active substance
is not taken up by the plants remains, e.g., on the
soil. Other parts of the agent can be transported to
neighboring water bodies via drift, wind erosion, or
runoff, or can enter the air by evaporation from
the plant surface (Stupp and Fahl, 2003). Therefore,
different physicochemical and biological processes
are involved in the environmental behavior of an
active substance, i.e., hydrolytic and photochemical
degradation, microbial transformation and de-
composition like metabolism, sorption to the soil,
and translocation of the active substance and its
degradation products.

Formulated imidacloprid is stable at room tem-
perature in the dark under usual storage conditions;
however, the active ingredient is labile in alkaline
media (Kagabu and Medej, 1995, 2003b). Numer-
ous field trials carried out in Europe and the USA on
the degradation of imidacloprid demonstrate that
the active ingredient does not accumulate in the
soil (Krohn and Hellpointer, 2002). There is no
likelihood of an accumulatiom occurring following
repeated yearly applications. Long-term studies in
the UK indicate that the maximum concentrations
in the soil reaches a plateau, having a relatively
low residual level (<0.030mgkg™!) (Krohn and
Hellpointer, 2002). Imidacloprid is not stable in
an aqueous environment, where sunlight further
accelerates its degradation. Those characteristics
influence the environmental behavior of imidaclo-
prid on surface water and in water sediment such as
in rivers and lakes, as well as in fog and rain.



Table 6 Toxicological properties of commercialized neonicotinoids (selected relevant data)

Ring systems

Noncyclic structures

Study type Species Imidacloprid?® Thiacloprid® Thiamethoxam®  Nitenpyram® Acetamiprid® Clothianidin® (+)-Dinotefuran®
Acute oral (LDsomg a.i. kg~ "bw) Rat ~450 (m/f) 836 (m) 444 (f) 1563 1680 (m) 1575 (f) 217 (m) 146 (f)  >5000 (m/f) 2804 (m) 2000 (f)
Acute dermal (24 h) (LDsp mg a.i. Rat >5000 (m/f) >2000 (m/f) >2000 >2000 (m/f) >2000 (m/f)
kg~ " bw)
Acute inhalation (4 h, aerosol) Rat >5323 (dust) >2535 (m) 3720 >5800 (m/f) >0.29 (m/f) >6141 (m/f)
(LCso mg a.i. m~2 air) ~1223 (f)
Skin irritation (4 h) Rabbit No irritation No irritation No irritation No irritation No irritation No irritation Acute
percutaneous
Eye irritation Rabbit None No irritation No irritation Very slight No irritation No irritation Acute
percutaneous
Skin sensitation Guinea pig No skin No skin sensitation No skin No skin No skin No skin
sensitation sensitation sensitation sensitation sensitation

?Elbert et al. (1990).

YElbert et al. (2000).

“Maienfisch et al. (1999a).

9Tomlin (2000).

®Ohkawara et al. (2002).

m, males; f, females; a.i., active ingredient; bw, body weight.



Table 7 Environmental profile of commercialized neonicotinoids (selected relevant data)

Ring systems Noncyclic structures

Test species (acute toxicity test) Imidacloprid® Thiacloprid® Thiamethoxam® Nitenpyram®9 Acetamiprid® Clothianidin’ (+)-Dinotefuran®
Birds
Mallard duck (LCso mg a.i. kg™ ' diet) >5000 (food) >5000 (food)? >5200 (food) >5620 (food) >5200 (food) 1000
Bobwhite quail (LDsp, mg a.i. kg™ bw) 152 2716 1552 2250 (capsule) 180 >2000
Japanese quail (LDsg mg a.i. kg™ bw) 31 49 >2000
Fish
Rainbow trout (LCso mg a.i. I’1) 211 (96 h) 29.6 (96 h) >125 (96 h) >10 (96 h) >100 (96 h) >40 (48 h)
Bluegill sunfish (LCso mg a.i.1™") 24.5 (96 h) >114 (96 h) >120 (96 h)
Carp (LCso mg a.i.l™") 280 (96 h) >1000 (96 h) >100 >1000 (96 h)
Invertebrates
Water flea, Daphnia magna 85 (48h) >85.1 (48 h) >100 (48 h) >100 (48 h)" >1000 >120 (48 h) 1000 (48 h)

(ECso mg a.i.1™")
Earthworm, Eisenia foetida 10.7 (14 days) 105 (14 days)? >1000 (14 days) 32.2 (14 days) >1000 13.21 (14 days)

(LCso mg a.i. kg’1 dry soil)

(soil)

(dry sail)

2Pfliger and Schmuck (1991).
2Schmuck (2001).

°Maienfisch et al. (1999a).
9Akayama and Minamida (1999).
°Tomlin (2000).

'Ohkawara et al. (2002).
9Technical material.

hUnpuinshed data; Sumitomo Chemical Takeda Agro, 1999.
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The occurrence of imidacloprid in the air is deter-
mined by its low vapor pressure of 4 x 107 '°Pa,
which excludes volatilization from treated surfaces
(Krohn and Hellpointer, 2002).

Thiacloprid possesses a favorable environmental
profile and will disappear from the environment
after having been applied as a crop protection chem-
ical. The effect of technical and formulated (SC 480)
thiacloprid on respiratory (carbon turnover) and
nitrogen mineralization rates in soil were examined
in a series of 28-day studies on soil microflora
(Schmuck, 2001). Thiacloprid had no adverse effect
either on the microbial mineralization of nitrogen in
different soil types like silty sand (0.6 % org.C, pHkc
5.7) or loamy silt soil (2.3% org.C, pHkc 7.1) after
addition of lucerne-grass—green meal (5 gkg ') and
at both the maximum and 10 x application rates
(Schmuck, 2001). The half-lives in soil measured
under field conditions of northern Europe ranged
from 9 to 27 days, and in southern Europe from 10
to 16 days (Krohn, 2001). The major metabolites
formed are only intermediates before complete
mineralization to carbon dioxide occurs. Under
practical field conditions thiacloprid is not toxic to
earthworms (Eisenia foetida) or soil microorganisms
(Table 7).

Furthermore, thiacloprid and its formulations
pose a favorably low toxicity hazard to honeybees
and bumblebees. Consequently, the compound can
be applied to flowering crops at the recommended
rates without posing a risk to bees (Calypso™ up to
200ga.i.ha™'). In addition, Calypso™ does not
affect the pollination efficacy of pollinators (Elbert
et al., 2000). Thiacloprid must be classified as being
only slightly mobile in soil, and hence it has low
potential for leaching into groundwater. In the
aquatic environment thiacloprid will also undergo
rapid biotic degradation, with a half-life of 12-20
days (Krohn, 2001). Because of its low vapor pres-
sure (3x107'°Pa) and its water solubility of
0.185gl™!, the potential for its volatilization is
negligible. Acute and chronic toxicity testing in
fish and water-fleas (Daphnia magna) indicates a
very low to negligible risk to these species following
accidental contamination with thiacloprid by spray
drift. Reproduction of water-fleas and fish was also
not affected at environmentally relevant water con-
centrations of thiacloprid. Other aquatic inverte-
brates revealed a higher sensitivity to thiacloprid,
especially insect larvae and amphipod species such
as Chironomus and Hyallela. Insect larvae were also
identified as the most sensitive species in a pond
study. However, the rapid dissipation of thiacloprid
in water bodies allows for a rapid recovery of affect-
ed aquatic insect populations. Algae, represented by

Scenedesmus subspicatus and Pseudokirchneriella
subcapitata, are not sensitive to thiacloprid. Toxici-
ty exposure ratio values indicate a high margin of
safety for algal species. Harmful concentrations of
thiacloprid or its metabolites are most unlikely in
aquatic ecosystems. There is no potential for bio-
concentration in fish due to the log Pow of 1.26 for
thiacloprid. The metabolites occurring in ground-
water are of no concern as noted by toxicological,
ecotoxicological, and biological testing.

In laboratory soils, thiamethoxam degrades at
moderately slow rates (Maienfisch et al., 1999a).
The compound is photolyzed rapidly in water. In
natural aquatic systems, e.g., rice paddies, degrada-
tion also occurs in the absence of light by microbial
degradation. Based on the low vapor pressure
(Table 3) and the results of soil volatility studies,
significant volatilization is not expected. Thia-
methoxam has a low toxicity by ingestion to birds,
and is practically nontoxic to fish, Daphnia and mol-
luscs. In addition, the earthworm species E. foetida
and green algae were also found to be insensitive
(Maienfisch et al., 2001a). Thiamethoxam can be
classified as slightly to moderately harmful to most
beneficial insects, but safe to predatory mites in
the field (Maienfisch et al., 1999a). Alternatively,
thiamethoxam and all other nitroguanidines have
to be considered toxic to bees. However, thia-
methoxam showed no bioaccumulation potential,
and is moderately mobile in soil and degrades at fast
to moderate rates under field conditions (Maienfisch
etal.,1999a).

Nitenpyram rapidly decomposed in water, under
the conditions of 12000 lux irradiation intensity
using a 500 W xenon lamp (half-life at pH 3,
18-21 min; in purified water, 16 min), and in soil
under aerobic conditions (half-lives flooded <1 day;
upland 1-3 days) (Akayama and Minamida, 1999).

Toxicity of acetamiprid to fish and Daphnia is
very low, with LDsq values for carp and Daphnia
of >100mgl™" and >1000mgl™", respectively
(Yamada et al., 1999). Acetamiprid shows less
adverse effects on both natural and enemies,
such as predaceous mites, and beneficial insects,
as well as honeybee and bumblebee (Takahashi
et al., 1998).

Chlothianidin degraded moderately under field
conditions and was found to be a neonicotinoid of
medium mobility based on laboratory experiments
(Stupp and Fahl, 2003). With regard to its behavior
in aquatic environments, photolysis contributes
significantly to degradation, and clothianidin finally
mineralizes to carbondioxide. Its degradation in
water/sediment systems under aerobic conditions
is moderate. The main part of the applied active
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substance is bound irreversibly to the sediment, thus
avoiding subsequent contamination (Stupp and
Fahl, 2003). In addition, in a water/sediment study
degradation of clothianidin was observed to be sig-
nificantly faster (factor 2-3) under anaerobic con-
ditions than in aerobic conditions (Stupp and Fahl,
2003). Based on the physicochemical properties of
clothianidin (see Section 3.3.4) no volatilization,
and thus, no significant amounts of this compound
can be expected in the atmosphere. Therefore
clothianidin does not appear to represent a risk for
the environment.

3.9. Resistance

Resistance in arthropod pest species comprises a
change in the genetic composition of a population
in response to selection by pesticides, such that con-
trol of the pest species in the field may be impaired
at the recommended application rates. Selection for
resistance in pest populations (including weeds,
fungi, mites, and insects) due to frequent applica-
tions of agrochemicals has been one of the major
problems in modern agriculture. Resistance to insec-
ticides and acaricides appeared very early, and the
extent and economic impact remain greater than
for other agrochemicals. Between the beginning of
the last century and the mid-1950s, the number of
resistant arthropod species grew gradually with only
a few resistant species described per decade. How-
ever, this rate increased markedly after the introduc-
tion of the organophosphates to more than 30 new
resistant species every 2 years through the early
1980s. Ten years later, more than 500 arthropod
species were known to be resistant to at least one
insecticide or acaricide (Georghiou, 1983; Green
et al., 1990). Among them are 46 hopper and
aphid species, which show in some cases very high
levels of resistance to conventional types of insecti-
cide chemistry, i.e., organophosphates, and carba-
mate and pyrethroid insecticides. The invention and
subsequent commercial development of neonicoti-
noid insecticides, such as imidacloprid, has provided
agricultural producers with invaluable new tools
for managing some of the world’s most destructive
crop pests, primarily those of the order Hemiptera
(aphids, whiteflies, and planthoppers) and Coleop-
tera (beetles), including species with a long history
of resistance to earlier-used products (Figure 20).
However, the speed and scale with which imidaclo-
prid, the commercial forerunner of neonicotinoids,
was incorporated into control strategies around
the world prompted widespread concern over the
development of imidacloprid resistance (Cahill ez al.,
1996; Denholm et al., 2002).

To a large extent these pessimistic forecasts have
not been borne out in practice. Imidacloprid has
proved remarkably resilient to resistance, and cases
of resistance that have been reported are still rela-
tively manageable and/or geographically localized.
The existence of strong resistance in some species
has nonetheless demonstrated the potential of pests
to adapt and resist field applications of neonicoti-
noids. The ongoing introduction of new molecules
(e.g., acetamiprid, thiamethoxam, nitenpyram, thia-
cloprid, and clothianidin), unless carefully regu-
lated and coordinated, seems bound to increase
exposure to neonicotinoids, and to enhance
conditions favoring resistant phenotypes.

3.9.1. Activity on Resistant Insect Species

The incidence and management of insect resistance
to neonicotinoid insecticides was recently reviewed
by Denholm et al. (2002). Resistance to neonicoti-
noid insecticides is still rare under field conditions
and baseline susceptibility data have been provided
in the past and more recently especially for imida-
cloprid in order to monitor for early signs of resis-
tance in some of the most destructive pest insects
(Cahill et al., 1996; Elbert et al., 1996; Elbert and
Nauen, 1996; Foster et al., 2003; Nauen and Elbert,
2003; Rauch and Nauen, 2003; Weichel and Nauen,
2003). Baseline susceptibility data and derived diag-
nostic concentrations to monitor resistance are
usually calculated from composite log-dose probit-
mortality lines, including the combined curves of
several strains of a certain pest collected from all
over the world or at least different parts of the
world where the compound is supposed to be used.
A compilation for imidacloprid of such data is given
for some of the most important pests, i.e., Myzus
persicae, Aphis gossypii, Phorodon humuli, Bemisia
tabaci, Trialeurodes vaporariorum,and Leptinotarsa
decemlineata (Table 8).

There have been only low levels of tolerance
detected in European and Japanese samples of
M. persicae (Devine et al., 1996; Nauen et al.,
1996), but it was not possible to link this tolerance
tospecificbiochemical markers (Nauenezal.,1998a).
In most cases the lower susceptibility to imidacloprid
and other neonicotinoids was correlated with a
decreased efficacy of nicotine (Devine et al., 1996;
Nauen et al., 1996). Furthermore differences in
hardiness were sometimes observed in field strains
bioassayed directly upon receipt, which allow strains
to survive longer in comparison to susceptible labo-
ratory populations, when exposed to imidacloprid-
treated leaves (Nauen and Elbert, 1997). However,
such effects disappeared when the exposure time
(especially in systemic bioassays) was extended
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Table 8 Baseline susceptibility of some high risk pests to imidacloprid

Species Diagnostic dose Bioassay system/assessment time Reference

Myzus persicae 15 ppm Leaf dip (6-well plate) Nauen and Elbert (2003)
Myzus persicae 2.25ng per aphid Topical Foster et al. (2003)

Aphis gossypii 13 ppm Leaf dip (6-well plate) Nauen and Elbert (2003)
Phorodon humuli 13 ppm Leaf dip (6-well plate) Weichel and Nauen (2003)
Bemisia tabaci 16 ppm Systemic bioassay Cabhill et al. (1996)

Bemisia tabaci 1 ppm Leaf dip Rauch and Nauen (2003)
Leptinotarsa decemlineata 8 ppm Artificial diet (larvae) Olson et al. (2000)

Leptinotarsa decemlineata 0.2 ug per beetle

Topical (adult)

Nauen (unpublished data)

from 48 h to 72 h, and also after maintaining such
strains under laboratory conditions for some weeks
(Nauen and Elbert, 1997). More recently Foster
et al. (2003b) demonstrated that tolerance to imida-
cloprid in M. persicae from different regions in
Europe also provided cross-tolerance to acetamiprid.
The authors were able to show a clear correlation
between EDjs values of acetamiprid and imidaclo-
prid for strains with a different degree of tolerance.
However, tolerance factors compared to a susce-
ptible reference population never exceeded factors
of 20, and field failures were not seen (Foster
et al., 2003b).

One species of major concern over the last decade
is the tobacco or cotton whitefly, B. tabaci; this is
a serious pest in many cropping systems worldwide
and several biotypes of this species have been
described (Perring, 2001). The most widespread
biotype is the B-type, which is also known as
B. argentifolii Bellows & Perring. The B-type white-
fly is a common pest, particularly in cotton, vegeta-
bles, and ornamental crops, both by direct feeding
and as a vector of numerous plant pathogenic virus-
es. In southern Europe, it coexists with another
biotype, the Q-type, which was originally thought
to be restricted to the Iberian peninsula, but which is
now also known to occur in some other countries
throughout the Mediterranean area, including Italy
and Israel (Brown et al., 2000; Palumbo et al., 2001;
Nauen et al., 2002; Horowitz et al., 2003). The bio-
types B and Q can easily be distinguished by random-
ly amplified polymorphic DNA polymerase chain
reaction (RAPD-PCR) or native polyacrylamide gel
electrophoresis (PAGE) and subsequent visualization
of their nonspecific esterase banding pattern
(Guirao et al., 1997; Nauen and Elbert, 2000).

As a consequence of extensive exposure to insecti-
cides, B. tabaci has developed resistance to a wide
range of chemical control agents (Cahill ez al., 1996).
The need for a greater diversity of chemicals for
whitefly control in resistance management pro-
grams has been met by the introduction of several
insecticides with new modes of action, which are

unaffected by mechanisms of resistance to organo-
phosphates or pyrethroids. Since the introduction
of imidacloprid, the neonicotinoids have been the
fastest-growing class of insecticides. Imidacloprid
exhibits an excellent contact and systemic activity
and therefore has been largely responsible for the
sustained management of B. tabaci in horticultural
and agronomic production systems worldwide.
Beside imidacloprid, there are other neonicotinoids
with good efficacy against whiteflies, e.g., acetami-
prid and thiamethoxam.

In Israel, monitoring of resistance in B. tabaci to
imidacloprid and acetamiprid was initiated in 1996
in cotton and greenhouse ornamental crops. After
2 years of use in cotton, no apparent resistance
to imidacloprid and acetamiprid was reported
(Horowitz et al., 1998). However, 3 years of acet-
amiprid use in greenhouses in Israel resulted in a
5-10-fold decrease in susceptibility of B. tabaci to
acetamiprid (Horowitz et al., 1999). In the past only
a few cases of lowered neonicotinoid susceptibility
in B-type B. tabaci have been described, among
them strains from Egypt and Guatemala that were
recently reported (El Kady and Devine, 2003; Byrne
et al., 2003). In Arizona, where imidacloprid has
been used since 1993, monitoring of B. tabaci popu-
lations from cotton fields, melon fields, and green-
house vegetables suggested reduced susceptibility to
imidacloprid from 1995 to 1998, but subsequent
monitoring showed that these populations had
actually regained and sustained susceptibility to imi-
dacloprid in 1999 and 2000 (Li et al., 2000, 2001).
Furthermore, imidacloprid use in Arizona and
California remains high, but no signs of reduced
control in the field have been reported yet (Palumbo
et al., 2001). B-type whiteflies have been shown to
develop resistance to imidacloprid under selection
pressure in the laboratory (Prabhaker ef al., 1997).
There was a moderate increase of resistance of up
to 17-fold in the first 15 generations, but 82-fold
resistance after 27 generations. However, resistance
was not stable and disappeared after a few gen-
erations without insecticide pressure. Resistance to
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imidacloprid conferring a high level of cross-
resistance to thiamethoxam and acetamiprid was
first demonstrated, and best studied in Q-type
B. tabaci from greenhouses in the Almeria region
of southern Spain, but was also detected in single
populations from Italy and recently Germany as
well (Nauen and Elbert, 2000; Nauen et al., 2002;
Rauch and Nauen, 2003). Neonicotinoid resistance
seem to remain stable in all field-collected Q-type
strains maintained in the laboratory without further
selection pressure (Nauen et al., 2002). Neonicoti-
noid cross-resistance was also reported in B-type
whiteflies from cotton in Arizona but at lower
levels (Li et al., 2000). More recently a high level
of cross-resistance between neonicotinoids was also
described in a B-type strain of B. tabaci from Israel,
and resistance factors detected in a leaf-dip bioassay
exceeded 1000-fold (Rauch and Nauen, 2003).

The Colorado potato beetle, L. decemlineata has
a history of developing resistance to virtually all
insecticides used for its control. The first neonicoti-
noid, i.e., imidacloprid was introduced for controll-
ing Colorado potato beetles in North America in
1995. Concerns over resistance development were
reinforced when extensive monitoring of popula-
tions from North America showed about a 30-fold
variation in LCjso values from ingestion and con-
tact bioassays against neonates (Olsen et al., 2000).
Much of this variation appeared unconnected with
imidacloprid use, and was probably a consequence
of cross-resistance from chemicals used earlier.
Lowest levels of susceptibility occurred in popula-
tions from Long Island, New York, an area that has
experienced the most severe resistance problems
of all with L. decemlineata. Zhao et al. (2000) and
Hollingworth e al. (2002) independently studied
single strains collected from different areas in Long
Island, both treated intensively with imidacloprid
between 1995 and 1997. In the first study, grower’s
observations of reduced control were supported by
resistance ratios for imidacloprid of 100-fold and
13-fold in adults and larvae, respectively. The sec-
ond study reported 150-fold resistance from topical
application bioassays against adults. In this case
the strain was also tested with thiamethoxam,
which had not been used for beetle control at the
time of collection. Interestingly, resistance to thia-
methoxam (about threefold) was far lower than to
imidacloprid.

Other reports referring to resistance to neonicoti-
noid insecticides were on species of lesser impor-
tance, including species either from field-collected
populations or artificially selected strains. Among
these were the small brown planthopper, Laodel-
phax striatellus (Sone et al., 1997), western flower

thrips, Franklienella occidentalis (Zhao et al.,
1995), houseflies, Musca domestica and German
cockroach, Blattella germanica (Wen and Scott,
1997), Drosophila melanogaster (Daborn et al.,
2001), Lygus bhesperus (Dennehy and Russell,
1996), and brown planthoppers, Nilaparvata lugens
(Zewen et al., 2003).

3.9.2. Mechanisms of Resistance

Many pest insects and spider mites have developed
resistance to a broad variety of chemical classes of
insecticides and acaricides, respectively (Knowles,
1997; Soderlund, 1997). One of the three major
classes of mechanisms of resistance to insecticides
in insects is allelic variation in the expression of
target proteins with modified insecticide binding
sites, e.g., acetylcholinesterase insensitivity towards
organophosphates and carbamates, voltage-gated
sodium channel mutations responsible for knock-
down resistance to pyrethroids, and a serine to ala-
nine point mutation (rd/ gene) in the y-aminobutyric
acid (GABA)-gated chloride channel (GABAA-R) at
the endosulfan/fipronil/dieldrin binding site (ffrench-
Constant et al., 1993; Williamson et al., 1993, 1996;
Mutero et al., 1994; Feyereisen, 1995; Dong, 1997,
Soderlund, 1997; Zhu and Clark, 1997; Bloomquist,
2001; Gunning and Moores, 2001; Siegfried and
Scharf, 2001). The second — and often most
important — class of resistance mechanisms in insect
pest species is metabolic degradation involving de-
toxification enzymes such as microsomal cytochrome
P-450 dependent monooxygenases, esterases, and glu-
tathione S-transferases (Hodgson, 1983; Armstrong,
1991; Hemingway and Karunarantne, 1998; Bergé
et al., 1999; Devonshire et al., 1999; Feyereisen,
1999; Hemingway, 2000; Field et al., 2001; Scott,
2001; Siegfried and Scharf, 2001). The third, least
important mechanism is an altered composition
of cuticular waxes which affects penetration of
toxicants. Reduced penetration of insecticides
through the insect cuticle has often been described
as a contributing factor, in combination with tar-
get site insensitivity or metabolic detoxification
(or both), rather than functioning as a major mech-
anism on its own (Oppenoorth, 1985). Most of
the mechanisms mentioned above affect in many
cases the efficacy of more than one class of insecti-
cides, i.e., constant selection pressure to one chemical
class could to a greater or lesser extent confer cross-
resistance to compounds from other chemical
classes (Oppenoorth, 1985; Soderlund, 1997).
When the first neonicotinoid insecticide was
introduced to the market in 1991, aphids were
considered to be high risk pests with regard to
their potential to develop resistance to this class of
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chemicals. They have a high reproductive potential,
and extremely short life cycle allowing for numer-
ous generations in a growing season. Combined
with frequent applications of insecticides that are
usually required to maintain aphid populations
below economic thresholds, resistance development
is facilitated in these species, resulting in control
failures. Such control failures have been reported
for organophosphorus compounds for many dec-
ades, and more recently also for pyrethroids
(Foster et al., 1998, 2000; Devonshire et al., 1999;
Foster and Devonshire, 1999).

One of the major aphid pests is the green peach
aphid, M. persicae. Resistance of M. persicae to
insecticides is conferred by increased production of
a carboxylesterase, named E4 or FE4, which pro-
vides cross-resistance to carbamates, organophos-
phorus, and pyrethroid insecticides (Devonshire
and Moores, 1982; Devonshire, 1989). This esterase
overproduction was shown to be due to gene ampli-
fication (Field et al., 1988, 2001). It was the sole
resistance mechanism reported in M. persicae for
more than 20 years, and only recently an insensitive
(modified) acetylcholinesterase was described as
a contributing factor in carbamate resistance in
M. persicae (Moores et al., 1994a, 1994b; Nauen
et al., 1996). The insensitive acetylcholinesterase in
M. persicae confers strong resistance to pirimicarb,
and a little less to triazamate (Moores et al., 1994a,
1994b; Buchholz and Nauen, 2001). Due to the
improvement of molecular biological techniques,
Martinez-Torres et al. (1998) recently showed
that knockdown resistance to pyrethroids, caused
by a point mutation in the voltage-gated sodium
channel, is also present in M. persicae. In summary,
resistance to all major classes of aphicides occurs
in M. persicae; however, the only class of insecti-
cides not yet affected by any of the mechanisms
described above are the neonicotinoids, including
its most prominent member imidacloprid (Elbert
et al., 1996, 1998a; Nauen et al., 1998a; Horowitz
and Denholm, 2001).

The most comprehensive studies on the biochem-
ical mechanisms of resistance to neonicotinoid
insecticides using an agriculturally relevant pest spe-
cies were performed in whiteflies, B. tabaci (Nauen
and Elbert, 2000; Nauen et al., 2002; Rauch and
Nauen, 2003; Byrne et al., 2003). Biochemical
examinations revealed that neonicotinoid resistance
in Q-type B. tabaci collected in 1999 was not asso-
ciated with a lower affinity of imidacloprid to
nAChRs in whitefly membrane preparations (Nauen
et al., 2002). This was confirmed more recently by
testing strains ESP-00, GER-01, and ISR-02 obtained
in the years 2000-2002 by Rauch and Nauen

(2003). Although neonicotinoid resistance was very
high in these strains (up to 1000-fold), the authors
found just a 1.3-fold and 1.7-fold difference in bind-
ing affinity between strains, and concluded that tar-
get site resistance is not involved in neonicotinoid
resistance in those strains investigated. Piperonyl
butoxide, a monooxygenase inhibitor, is generally
used as a synergist to suppress insecticide resistance
conferred by microsomal monooxygenases. Experi-
ments with whiteflies pre-exposed to piperonyl
butoxide suggested a possible involvement of
cytochrome P-450 dependent monooxygenases in
neonicotinoid resistance (Nauen et al., 2002).
Rauch and Nauen (2003) biochemically confirmed
that whiteflies resistant to neonicotinoid insectici-
des showed a high microsomal 7-ethoxycoumarin
O-deethylase activity, i.e., up to eightfold higher
compared with neonicotinoid susceptible strains.
Furthermore, this enhanced monooxygenase activity
could be correlated with imidacloprid, thia-
methoxam, and acetamiprid resistance. Significant
differences between glutathione S-transferase and
esterase levels were not found between neonicoti-
noid resistant and susceptible strains of B. tabaci
(Rauch and Nauen, 2003). Several metabolic inves-
tigations in plants and vertebrates showed that
imidacloprid and other neonicotinoids undergo
oxidative degradation, which may lead to insecticid-
ally toxic and nontoxic metabolites (Araki et al.,
1994, Nauen et al., 1999b; Schulz-Jander and
Casida, 2002). Metabolic studies in B. tabaci
in vivo revealed that the main metabolite in neoni-
cotinoid-resistant strains is 5-hydroxy-imidacloprid,
whereas no metabolism could be detected in the
susceptible strain (Figure 23) (see Section 3.7.1.1).
One can therefore suggest that oxidative degrada-
tion is the main route of imidacloprid detoxification
in neonicotinoid resistant Q-type whiteflies (Rauch
and Nauen, 2003). Compared to imidacloprid, the
5-hydroxy metabolite showed a 13-fold lower bind-
ing affinity to whitefly nAChR. This result was in
accordance with previous studies with head mem-
brane preparations from the housefly (Nauen et al.,
1998). The binding affinity expressed as the ICsg
was highest with olefine (0.25 nM) > imidacloprid
(0.79) > 5-hydroxy (5nM) > 4-hydroxy (25 nM) >
dihydroxy  (630nM) > guanidine and  urea
(>5000nM). The biological efficacy in feeding
bioassays with aphids correlated also with the rela-
tive affinities of the metabolites towards the house-
fly nAChR (Nauen et al., 1998b). The lower binding
affinity of 5-hydroxy-imidacloprid compared to
imidacloprid coincides with its lower efficacy
against B. tabaci in the sachet test (17-fold). These
data show that differences between binding to the



3: Neonicotinoid Insecticides 99

nAChR are comparable to the efficacy differences in
adult bioassays (Rauch and Nauen, 2003).

Daborn et al. (2001) described D. melanogaster
mutants exhibiting an eight- and sevenfold resis-
tance to imidacloprid and DDT, respectively,
which showed an overexpression of the P-450 gene
Cyp6gl. However, it was not tested whether recom-
binant Cypé6gl itself can metabolize imidacloprid,;
potentially it could metabolize a trans-acting factor
which then upregulates presently uncharacterized
P-450 genes. However, it was demonstrated that
the recombinant cytochrome P-450 isozyme
CYP3A4 from human liver can selectively metabo-
lize the imidazolidine moiety of imidacloprid,
resulting in 5-hydroxy-imidacloprid as the major
metabolite (Schulz-Jander and Casida, 2002). It
would therefore be fruitful to investigate if homo-
logs of Cyp6gl and Cyp3a4, or similar genes, are
present in the B. tabaci genome, and if overexpres-
sion of these genes is associated with neonicotinoid
resistance.

Although considerable resistance to neonicoti-
noid insecticides was also reported for populations
of the Colorado potato beetle from Long Island,
NY, the underlying mechanisms associated have
not been very well studied. Pharmacokinetic inves-
tigations on susceptible and resistant strains did not
reveal any differences in the uptake and excretion of
4C-labeled imidacloprid, nor were there any differ-
ences in metabolic conversion found (Hollingworth
et al., 2002). The authors suggested a modification
of the target site to be responsible for the observed
resistance. But, preliminary investigations revealed
no differences between resistant and susceptible
strains in receptor binding studies using [*H]imida-
cloprid (Nauen and Hollingworth, unpublished
data).

Resistance development to imidacloprid would
be disastrous in many regions, so there is a demand
for an effective resistance management program,
and interest in finding and developing new active
ingredients for pest control.

3.9.3. Resistance Management

Monitoring and detection of insecticide resistance in
order to recommend and implement effective resis-
tance management strategies is currently one of the
most important areas of applied entomology. This
program is necessary to sustain the activity of as
many active ingredients with different modes of
action as possible by using alternate spray regimes,
rotation, and sophisticated application techniques
(Denholm and Rowland, 1992; McKenzie, 1996;
Denholm et al., 1998, 1999; Horowitz and
Denholm, 2001). Historically, the problem of

insecticide resistance was tackled by continuously
introducing new active ingredients for pest insect
control. The number of insecticides available is
high, but the biochemical mechanisms targeted by
all these compounds is rather limited (Casida and
Quistad, 1998; Nauen and Bretschneider, 2002).
A pronounced decline in the introduction of new
insecticides since the late 1970s revealed the lim-
itations of a strategy relying on the continuous
introduction of new active compounds (Soderlund,
1997).

This problem has been recognized by the
regulatory authorities; and the European Plant
Protection Organization (EPPO) recently published
guidelines outlining the background work on
resistance required for registration of a new active
ingredient (Heimbach et al., 2000). These require-
ments, which are provided by agrochemical compa-
nies as an essential part of the registration dossier,
include

® baseline susceptibility studies (testing several
strains of a target species known to be prone to
resistance development);

® monitoring (continuous studies on the develop-
ment of resistance of target species by simple bio-
assays after the launch of a new compound); and

® possible resistance management strategies (how
the new compound should be combined with
others in order to expand its life time in the field).

3.10. Applications in
Nonagricultural Fields

Because of the high insecticidal efficacy together
with its nonvolatility and stability under storage
conditions, imidacloprid (Premise®) has been suc-
cessfully applied as a termiticide (Jacobs et al.,
1997a; Dryden et al., 1999), and has also been
used for control of turf pests such as white grubs
(Elbert et al., 1991). Furthermore, imidacloprid
is the active ingredient of the insecticide Merit®,
and is commonly incorporated into fertilizers for
early control of grubs in turf (Armbrust and Peeler,
2002). In addition, imidacloprid was the first neo-
nicotinoid to be used in a gel bait formulation
for cockroach control. The imidacloprid gel showed
outstanding activity even after 27 months’ under
various conditions (Pospischil ef al., 1999). As an
endoparasiticide imidacloprid exerted activity
against the gastrointestinal nematode Haemonchus
contortus in sheep only at higher concentrations
(Mencke and Jeschke, 2002). Synergistic mixtures
containing imidacloprid are patented and these
are useful against textile-damaging insects, such as
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moth (Tineola bisselliella, Tinea pellionella) and
beetles (Aftagenus, Anthrenus) (Mencke and
Jeschke, 2002). Salmon-parasitizing crabs are con-
trolled by addition of 100 ppm imidacloprid to sea-
water (Mencke and Jeschke, 2002). Due to its
toxicological properties — favorable mammalian
safety characteristics (Yamamoto et al., 1995)
(Table 6), the absence of eye/skin irritation and
skin sensitization potential — imidacloprid has been
developed for control of lice in humans (Mencke
and Jeschke, 2002) and veterinary medicine (Werner
et al., 1995). Imidacloprid (worldwide trademark:
Advantage®) is the first neonicotinoid to have been
developed for topical application in animals (Griffin
etal., 1997) (see Section 3.10.1).

Nitenpyram (Capstar™), a fast-acting, orally
administered flea treatment, is absorbed into blood
of the host animal, and is thus readily available for
uptake by feeding fleas (Rust ef al., 2003). There-
fore, administration of nitenpyram is effective in
eliminating adult fleas for up to 48 h after treatment.

3.10.1. Imidacloprid as a Veterinary
Medicinal Product

The cat flea (Ctenocephalides felis), the primary
ectoparasite of companion animals worldwide, will
feed on a wide variety of animals in addition to cats
and dogs (Rust and Dryden, 1997), although it is
not equally well adapted to all hosts (Williams,
1993). Fleas threaten the health of humans and
animals due to bite reactions and transmission
of diseases (Krimer and Mencke, 2001), and in
addition are major nuisance pests. Therefore, flea
control, is necessary.

In veterinary medicine, fleas are the primary cause
for flea allergic dermatitis. This dermatitis results
when the adult flea injects saliva into the host during
blood feeding, which accelerates immunological
response, leading to secondary infections of the skin.

The last aspect of veterinary importance is the
role of fleas in disease, for example, transmission
of the cestode Dipylidium caninum. The role of fleas
in human disease transmission has been known
since historic times. The Oriental rat flea (Xenop-
sylla cheopis) is the major transmitter of Yersinia
pestis, the bacterium that causes the bubonic plague
in humans. The cat flea is also capable of transmit-
ting Y. pestis, and human plague cases and even
deaths associated with infected cats and dogs have
been occasionally reported (Rust et al., 1971).

Furthermore, a variety of bacteria and viruses
have been reported to be transmitted by the dog
flea (C. canis) as well as the cat flea (C. felis)
(Kramer and Mencke, 2001). Moreover, cat owners
have a high incidence of cat scratch fever, a zoonotic

disease caused by the Gram-negative bacterium
Bartonella benselae. Recent research showed that
flea feces are the major means of disease trans-
mission between cats, and from cats to humans
(Malgorzata et al., 2000).

3.10.1.1. Insecticidal efficacy in veterinary
medicine Recommendations for the treatment of
fleas on companion animals, and the selection of an
insecticide and its formulation, are generally based
upon the species and age of the animal to be treated,
the level of infestation, the rate of potential reinfes-
tation, and the thoroughness of environmental
treatment. However, the selection of an insecticide
formulation by a pet owner is actually based on
economics and the product’s ease of use (Williams,
1993). Another factor in the choice of a flea treat-
ment by pet owners is the safety and toxicology of
the insecticide (Krimer and Mencke, 2001).

Imidacloprid, 10% spot-on, was designed to offer
a dermal treatment, which means it is applied exter-
nally onto a small dorsal area (a spot) of the animal’s
skin. Criteria for the selection of an appropriate
topical flea formulation are good solubility of the
compound, good adhesion to the skin, good spread-
ing properties, good local and systemic tolerance,
stability, and compatibility with legal standards.
The imidacloprid spot-on formulation, which meets
all these requirements, contains 10g a.i. in 100 ml
nonaqueous solution. The efficacy of this for-
mulation for flea control on cats and dogs has
been reported (Krimer and Mencke, 2001). Imida-
cloprid applied at the target therapeutic dosage of
10.0 mgkg " killed 99% of the fleas within 1 day
of treatment, and continued to provide 99-100%
control of further flea infestation for at least 4
weeks (Hopkins et al., 1996; Arther et al., 1997)
(Figure 25).

Studies using flea-infested cats (Jacobs et al.,
1997b) proved that imidacloprid possess consider-
able potency against adult fleas on cats, and retains
a high level of activity for 4-5 weeks. Imidacloprid
was effective for both immediate relief from an
existing flea burden (the therapeutic effect), and
for longer-term flea control (the prevention or pro-
phylactic effect) (Table 9). Imidacloprid spreads
and acts using animal skin as the main carrier. The
compound was shown to be localized in the water-
resistant lipid layer of the skin surface, produced by
sebaceous glands, and spread over the body surface
and onto the hair (Mehlhorn et al., 1999). Insecti-
cide spread over the skin surface was also reported
from a clinical study that observed fast onset of
flea control, as early as 6 h posttreatment (Everett
etal.,2000). Therefore if the superficial fatty layer of
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Figure 25 Flea control achieved with imidacloprid 10% spot-on as confirmed by a dose-confirmation study in flea infested dogs

(Hopkins et al., 1996).

Table 9 Geometric mean flea counts of two groups of cats, an untreated control and a group treated with imidacloprid 10%

spot-on at a dosage of 10.0 mg kg*1 bw at day 0 of the study

After 1 day After 2 days
Weeks after
treatment Control Treated Reduction (%) Control Treated Reduction (%)
0 36.7 0.01 99.8 31.7 0.0 100.0
1 34.1 0.0 100.0
2 31.0 0.2 99.3 27.3 0.0 100.0
3 32.1 1.0 97.0 28.9 0.1 99.7
4 36.2 5.0 86.1 27.8 0.9 96.7
5 33.8 9.5 71.9 26.8 3.1 88.3
6 28.1 20.1 28.4 24.8 10.6 57.3

Reproduced from Jacobs, D.E., Hutchinson, M.J., Krieger, K.J., 1997b. Duration of activity of imidacloprid, a novel adulticide for flea

control, against Ctenocephalides felis on cats. Vet. Rec. 140, 259-260.

the skin is removed by repeated swabbing with alco-
hol fleas consumed the same amount of blood in
treated and untreated dogs. Thus imidacloprid loca-
lized in the lipid layer of the skin acts on adult fleas
by contact. It was reported that imidacloprid is not
taken up by the flea during blood feeding, but is
absorbed via the flea’s smooth, nonsclerotized inter-
segmental membranes that are responsible for the
insect’s mobility. Mehlhorn et al. (1999) concluded
that this seems reasonable because of imidacloprid’s
lipophilicity renders it incapable of passing through
the sclerotized cuticle. Moreover, initial damage
was seen in the ganglia close to the ventral body
side (i.e., in subesophageal and thoracic ganglia).
Fleas affected by imidacloprid treatment showed
characteristic pathohistological changes (Mehlhorn
et al., 1999). Muscle fibers and tissue around the
subesophageal ganglion were damaged, with the
mitochondria and axons showing intensive vacuoli-
zation (Figure 26). Imidacloprid’s mode of action
corresponded with the structural findings (Mehlhorn
et al., 1999), which showed overall destruction of

the mitochondria, damage of the nerve cells, and
disintegration of the insect muscles (Figure 26).
Imidacloprid’s activity on ectoparasitic insects
results from its presence within the lipid layer of
the host body surface. Since this lipid layer is always
present, imidacloprid remains available for a pro-
longed time (Hopkins et al., 1996; Mehlhorn et al.,
2001a), and reduces the likelihood of its removal
during water exposure (Mehlhorn et al., 1999).
The spectrum of imidacloprid activity to ecto-
parasites is not confined to fleas. It has also proven
to be highly effective against both sucking lice
(Linognathus setosus), and biting or chewing lice
(Trichodectes canis) (Hanssen et al., 1999). Further-
more imidacloprid acted rapidly on all motile stages
of sheep keds (Mehlhorn et al., 2001b). Sheep keds
of the species Melophagus ovinus are wingless
parasitic insects belonging to the dipteran family
Hippobiscidae. Besides skin infection, which results
in the loss wool quality and meat production, sheep
keds are also known to transmit diseases, such as
trypanosomiasis. However, ticks did not prove to
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Figure 26 Transmission electron micrograph of a section
through an adult cat flea exposed to imidacloprid for 1 h in vitro.
Note the extensive damage at the level of muscle fibers and the
subesophagal ganglion (vacuoles). CV, cellular cover of the
ganglion; DA, degenerating axon; DC, degenerating nerve
cell; DM, degenerating mitochondrion; Fl, Fibrillar layer of con-
nective tissue; Mu, Muscle fiber; TR, tracheole. Magnification
x25000. (Reproduced with permission from Mehlhorn, H.,
Mencke, N., Hansen, O., 1999. Effects of imidacloprid on adult
and larval stages of the cat flea Ctenocephalides felis after in vivo
and in vitro experiments: a light- and electronmicroscopy study.
Parasitol. Res. 85, 625—637.)

be sensitive to complete control by imidacloprid
(Young and Ryan, 1999).

3.10.1.2. Larvicidal activity Apart from the fast-
acting adulticidal activity of imidacloprid on flea
populations, its larvicidal effects have also been
investigated. Reinfestation of animals, from earlier
deposited eggs, larvae, and preemerged adult fleas,
can be overcome by the use of effective larvicidal
compounds or insecticides acting on both the adult
and the immature stages of fleas. In early studies
using imidacloprid, larvicidal activity was observed
in the immediate surrounding of treated dogs
(Hopkins et al., 1997). Skin debris collected from
treated dogs, when mixed into flea rearing media,
showed high flea larva mortality. In repeated tests
using the skin debris samples, collected at day 7 post-
treatment, the larval mortality remained high at
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Figure 27 Emergence of adult fleas from flea eggs incubated
on blankets used by untreated (control) or imidacloprid
treated cats. (Reproduced from Jacobs, D.E., Hutchinson,
M.J., Ewald-Hamm, D., 2000. Inhibition of immature Ctenoce-
phalides felis felis (Siphonaptera: Pulicidae) development in the
immediate environment of cats treated with imidacloprid.
J. Med. Entomol. 37, 228-230.)

100% even after 51 days (Arther et al., 1997). In
in vitro studies, flea larvae survived for only 6h
when placed on clipped hair from imidacloprid trea-
ted dogs (Mehlhorn et al., 1999). Similar results have
also been reported for cats (Jacobs et al., 2000).
Adult flea emergence was reduced by 100%, 84 %,
60%, and 74% in the first, second, third, and fourth
week postimidacloprid treatment, in comparison to
untreated controls (Figure 27). This persistent larvi-
cidal activity is important, because in the absence
of any larvicidal effect of an applied adulticide, rein-
festation would occur from eggs deposited prior to
treatment (Jacobs et al., 2001). Furthermore, cats
wander freely outdoors, and thus may visit sites shar-
ed with other flea-infested domestic or wild animals.

3.10.1.3. Flea allergy dermatitis (FAD) FAD is
a disease in which a hypersensitive state is produced
in a host in response to the injection of antigenic
material from flea salivary glands (Carlotti and
Jacobs, 2000). Synonyms for FAD include flea bite
allergy and flea bite hypersensitivity. In cats, the
disease is also known as feline miliary dermatitis
and feline eczema. FAD is one of the most frequent
causes of skin conditions in small animals, and a
major clinical entity in dogs. FAD is the commonest
nonroutine reason for pet owners to seek veterinary
advice. Hypersensitivity to flea bites is not only of
importance to domestic pets, but is also an important
cause of the common skin disease in humans, termed
papular urticaria. Detailed investigations carried out
on patients exposed to flea-infested pets have shown
that the incidence of such reactions is quite high.
Several field studies have been conducted, focus-
ing on the efficacy of imidacloprid on cats and dogs
with clinical signs of FAD (Krimer and Mencke,
2001). The efficacy of imidacloprid in flea removal,



3: Neonicotinoid Insecticides 103

and the resolution of FAD was tested in dogs and
cats from single- and multiple-animal households
(Genchi et al., 2000). Flea infestation was examined
and FAD dermatitis lesions were ranked according
to severity of typical clinical signs. Flea numbers
dropped significantly after treatment of animals
from both single- and multiple-animal households.
In dogs clinical signs of FAD prior to treatment,
decreased from 38% to 16% by day 14, and 6%
by day 28, thus verifying a rapid adulticidal and
high residual activity that lasted at least 4 weeks.
There was an effective control of parasites, with
rapid improvement of allergy until almost complete
remission up to 28 days following the first applica-
tion. Recently studies on the effect of imidacloprid
on cats with clinical signs of FAD confirmed field
data published by Genchi er al. (2000). Clinical
signs of FAD, especially alopecia and pruritus were
resolved after monthly treatment using imidaclo-
prid (Keil et al., 2002) (Figure 28). Furthermore,
controlling FAD is enhanced when blood feeding
of fleas is reduced. This so-called “sublethal effect”
or “antifeeding effect” was reported using very low
concentrations of imidacloprid (Rust et al., 2001,

2002).

3.10.1.4. Imidacloprid as combination partner in
veterinary medicinal products The ability of acar-
icides to repel or kill ticks, before they attach to a
host and feed, is important for the prevention of
transmission of tick born pathogens (Young et al.,
2003). K9 Advantix™, an effective tick control
agent (Spencer et al., 2003, Mehlhorn et al., 2003),
is a spot-on product containing 8.8% (w/w) imida-
cloprid and 44% (w/w) permethrin. The mixture
repels and kills four species of ticks, including Ixodes
scapularis, for up to 4 weeks. It also repels and
kills mosquitoes, and kills flea adults and larvae.

Furthermore, a combination containing imidaclo-
prid 10% (w/v) and permethrin 50% (w/v) in a
spot-on formulation, has repellent and insecticidal
efficacy, against the sand fly species (Phlebotomus
papatasi) (Mencke et al., 2003), ticks (I. ricinus,
Rbipicephalus sanguineus), and flea (C. felis felis)
(Epe et al., 2003) on dogs.

Another combination product, (Advantage
Heart™ (10% w/v imidacloprid plus 1% w/v mox-
idectin), a macrolide antihelmintic, has been devel-
oped as a spot-on for dermal application to kittens
and cats (Arther et al., 2003). It is intended for
monthly application for control of flea infestations
and intestinal nematodes, and for prevention of
feline heartworm disease. It controls and treats not
only established adult gastrointestinal parasites,
but also developmental stages, including fourth
instar larvae and immature adults of Toxocara cati
in cats (Hellmann et al., 2003; Reinemeyer and
Charles, 2003). Furthermore, the spot-on combina-
tion is safe and highly efficacious against T. canis
and Ancylostomatidae in naturally infested dogs
(Hellmann ef al., 2003), as well as against Sarcoptes
scabiei var. canis on dogs (Fourie et al., 2003).

3.11. Concluding Remarks and
Prospects

The discovery of neonicotinoids as a new class of
nAChR ligands can be considered a milestone in
insecticide research, and permits an understanding
of the functional properties of insect nAChRs. Up to
now the most current information regarding
nAChRs originated from research with vertebrate
receptors. The world market for insecticides is still
dominated by compounds irreversibly inhibiting
acetylcholinesterase, an important enzyme in the
CNS of insects. The market share of these inhibitors,

B Adult fleas
[ Excreta
W Pruritus

[ Miliary dermatitis
[ Alopecia

M Moist dermatitis

Total clinical scores

B Papules
M Erythema

i M Eosinophil granuloma

0 14 28 56
Days after treatment

84

Figure 28 Resolution of signs of flea allergy dermatitis (FAD) in cats treated with imidacloprid over a 84-day study period (Keil

et al., 2002).
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Table 10 Modes of action of the top selling 100 insecticides/
acaricides and their world market share (excluding fumigants,
endotoxins and those insecticides with unknown mode of
action)

Market share (%)

Mode of action 1987 1999 Change (%)
Acetylcholinesterase 71 52 —20.0
Voltage-gated sodium channel 17 18 +1.4
Acetylcholine receptor 15 12 +10.0
GABA-gated chlorine channel 5.0 8.3 +3.3
Chitin biosynthesis 2.1 3.0 +0.9
NADH dehydrogenase 0 1.2 +1.2
Uncouplers 0 0.7 +0.7
Octopamine receptor 0.5 0.6 +0.1
Ecdysone receptor 0 0.4 +0.4

Reproduced with permission from Nauen, R., Bretschneider, T.,
2002. New modes of action of insecticides. Pestic. Outlook 12,
241-245. © The Royal Society of Chemistry.

and those insecticides acting on the voltage-gated
sodium channel, account for approximately 70%
of the world market (Nauen and Bretschneider,
2002) (Table 10).

Today, the neonicotinoids are the fastest-growing
group of insecticides (estimated marked share in
2005: about 15%), with widespread use in most
countries in many agronomic cropping systems, es-
pecially against sucking pests but also against ecto-
parasitic insects. The relatively low risk and target
specificity of the products, combined with their
suitability for a range of application methods, also
will ensure their success as important insecticides in
integrated pest management (IPM) strategies.
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During the last 5 years neonicotinoid insecticides
and their biochemical target-site, the insect nicotinic
acetylcholine receptor (#AChR), have been de-
scribed in several excellent reviews, which should
serve as additional sources for information
(Tomizawa et al., 2005; Thany et al., 2007; Jeschke,
2007a, b; Jeschke and Nauen, 2008; Elbert et al.,
2008). These reviews and other numerous articles
describe the current knowledge of seven com-
mercially marketed active ingredients such as:
(1) the ring systems containing neonicotinoids
like imidacloprid (Hopkins et al., 2005; Thielert,
2006), thiacloprid (Jeschke and Nauen, 2008) and
thiamethoxam (Maienfisch, 2007), as well as (2)
neonicotinoids having non-cyclic structures like
acetamiprid, nitenpyram, clothianidin, and dinote-
furan (Jeschke and Nauen, 2008; Wakita, 2008). In
addition, transformation of neonicotinoids (1) into
(2), exemplified by a partial cleavage of thia-
methoxam into clothianidin in-vivo in insects and
plant tissues, was further discussed (Kayser et al.,
2007; Jeschke and Nauen, 2007).

There has been rapid progress in research on
nAChRs. In 2001, the crystal structures of the first
soluble homopentameric acetylcholine binding pro-
tein (AChBP) was resolved (Brejc et al., 2001; Smit
et al.,2001). This AChBP subtype is secreted by glia
cells of a mollusk, the freshwater snail Lymnaea
stagnalis (L-AChBP). Some vyears later a second
AChBP subtype (A-AChBP), isolated from the
saltwater mollusk Aplysia californica, was charac-
terized. A-AChBP shares only 33% amino acid iden-
tity with L-AChBP, but it possesses all the functional
residues identified in L-AChBP (Hansen et al., 2004;
Celie et al., 2005). Whereas A-AChBP has a similar
high sensitivity for both electronegative neonicoti-
noids and cationic nicotinoids and the L-AChBP
demonstrates lower neonicotinoid and higher
nicotinoid sensitivities (Tomizawa et al., 2008;
Tomizawa and Casida, 2009). Thus, these two
AChBPs from mollusks have distinct pharmacology

suggestive of the #AChRs from species as divergent
as mammals and insects (Tomizawa et al., 2008).

Furthermore, a refined 4 A resolution electron
microscopy structure of the heteropentameric verte-
brate muscle type (a1),fy8 #AChR showed consid-
erable structural similarity to the L-AChBP ligand
binding domain (LBD) (Unwin, 2005). Because of
this similarity, L-AChBP is now considered a struc-
tural and functional surrogate for the extracellular
LBD of insect zAChRs (Talley et al., 2008). There-
fore, the ACh binding site of the crystalline struc-
tures of AChBPs can be used as an example for the
N-terminal domain of an o-subunit of insect
nAChRs as a template for docking simulations
(CoMFA, 3D QSAR) of ACh ligands such as neoni-
cotinoid insecticides by so-called manual or auto-
mated modeling methods.

Because of the identical pharmacological profile of
AChBPs for neonicotinoids and nicotinoid radioli-
gands (Tomizawa et al., 2007a, b), a deeper insight
into molecular determinants of neonicotinoid ago-
nists interacting with their respective binding sites
on insect #AChRs is possible (Gao et al., 2006). It
was found that the chlorine atom in 6-chloropyrid-3-
ylmethyl (CPM) of imidacloprid and thiacloprid con-
tacts isoleucine (Ile) 106/methionine (Met) 116 and
the pyridine nitrogen is directed to Ile 118/tryptophan
(Trp) 147 via a solvent bridge (Casida and Tomizawa,
2008). The guanidine/amidine plane undergoes
n-stacking with tyrosine (Tyr) 188 and the phar-
macophore group (e.g., [=EN-NO,], [=CH-NO,] or
[=N-CN]) interacts with serine (Ser) 189/cysteine
(Cys) 190, thereby defining the binding pocket that
models AChBPs and possibly insect zAChRs potency
and selectivity. Characteristic of several agonists such
as imidacloprid and thiacloprid, loop C largely envel-
ops the ligand, positioning aromatic side chains to
interact optimally with conjugated and hydrophobic
regions of the neonicotinoid insecticides, which is
consistent with the results of solution-based photoaf-
finity labelings (Talley et al., 2008).
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Today, photoaffinity labeling (e.g., with opti-
mized 5-azido-6-chloropyridin-3-ylmethyl photoaf-
finity probes) combined with mass spectrometry
(MS) provides a direct and physiologically relevant
chemical biology method for 3D structural investi-
gations of ligand-receptor interactions (Tomizawa
et al., 2007a, b). This is an important approach for
studying subtype-selective agonists (Tomizawa et al.,
2008) and mapping the elusive neonicotinoid bind-
ing site (Tomizawa et al., 2007b). The results were
used to establish structural models of the two
AChBP subtypes. In A-AChBP, neonicotinoids and
nicotinoids are nestled in similar bound conforma-
tions (Tomizawa et al., 2008). Surprisingly, for
L-AChBP, the neonicotinoid insecticides have two
bound conformations that are inversely relative to
each other. Accordingly, the subtype selectivity is
based on two disparate bound conformations of
nicotinic agonists (Tomizawa et al., 2008). Recently,
the nicotinic agonist interactions with A-AChBP
have been precisely defined by scanning 17 Met
and Tyr mutants within the binding site by photo-
affinity labeling with $5-azido-6-chloropyridin-3-
ylmethyl probes that have similar affinities to their
non-azido counterparts (Tomizawa et al., 2009).

On the other hand, agonist actions of commercial
neonicotinoid insecticides were studied by single
electrode voltage-clamp electrophysiology on
nAChRs expressed by neurons isolated from thorac-
ic ganglia of the American cockroach, Periplaneta
americana (lhara et al., 2006; Tan et al., 2007).
Based on maximal inward currents, neonicotinoid
insecticides could be divided into the two subgroups
defined above: (1) ring systems containing neonico-
tinoids and (§)-nicotine were relatively weak partial
agonists causing only 20-25% of the maximal ACh
current and (2) neonicotinoids having non-cyclic
structures were much more effective agonists pro-
ducing 60-100% of the maximal ACh current
(Miyagi et al., 2006; Thara et al., 2006; Tan et al.,
2007). Thiamethoxam, even at 100 pM, failed to
cause an inward current and showed no competitive
interaction with other neonicotinoids on #AChRs,
indicating that it is not a direct-acting agonist or
antagonist (Tan et al., 2007).

In addition, in most insect non-o subunits, lysine
(Lys) or arginine (Arg) moieties are found. These
basic residues may interact with the N-nitro group
of neonicotinoid insecticides through electrostatic
forces and H-bonding, strengthening the #AChR-
insecticide interaction (Shimomura et al., 2006;
Wang et al., 2007). On the other hand, high-
resolution crystal structures of L-AChBP with neo-
nicotinoid insecticides such as imidacloprid and
clothianidin suggested that the guanidine moiety in

both stacks with Tyr 185, while the N-nitro group
of imidacloprid but not of clothianidin makes
a H-bond with GIn 55. The H-bond of NH at
position 1 with the backbone carbonyl group of
Trp 143, offers for clothianidin an explanation for
the diverse actions of neonicotinoids on insect
nAChRs (Ihara et al., 2008).

Since 2004, several research groups have pub-
lished further evidence related to the submolecular
basis for the mechanism of target-site selectivity of
commercial neoncotinoids for insect zZAChRs (e.g.,
structural features of agonist binding loops C and D;
Toshima et al., 2009) over vertebrate nAChRs, based
on the #AChR subunit composition (Tomizawa and
Casida, 2005; Matsuda et al., 2005). The activity of
neonicotinoids on wild-type and mutant a7 nicotinic
receptors was also investigated using voltage-clamp
electrophysiology. It was found, that when neonico-
tinoids bind to the receptor, the N-nitro group is
located close to loops D and F, which was supported
by the models of the agonist binding domain of the
o7 nicotinic receptor (Shimomura et al., 2006). Re-
cently, similar electrophysiological studies on native
nAChRs and on wild-type and mutagenized recom-
binant #zAChRs have shown that basic residues par-
ticular to loop D of insect nAChRs are likely to
interact electrostatically with the N-nitro group of
neonicotinoid insecticides (Matsuda et al., 2009).

Ongoing design of active novel ingredients and
their optimization has to consider in its process
conformational transitions of #nAChRs (Jeschke,
2007b). Molecular interactions of neonicotinoid
insecticides containing different pharmacophore
variants with #7AChRs have been mapped by chemi-
cal and structural neurobiological approaches,
thereby encouraging the biorational and receptor
structure-guided design of novel nicotinic ligands
(Ohno et al., 2009). Recently, replacement of
the nitromethylene pharmacophore with nitro-
conjugated systems was described (Jeschke, 2007b;
Shao et al., 2009). The methyl [1-(2-trifluoromethyl-
pyridin-5-yl)ethyl]-N-cyano-sulfoximine (Sulfoxa-
flor; common name ISO-proposed) was prepared
by Dow AgroSciences, which has a new N-cyano-
sulfoximine [-S(O)=N-CN] pharmacophore variant
(Loso et al., 2007).

After 16 years of use, insects pests such as white-
flies Bemisia tabaci (Gennadius) and Trialeurodes
vaporariorum (Westwood) (Gorman et al., 2007),
the brown planthopper Nilaparvata lugens (Stal)
(Nauen and Denholm, 2005; Gorman et al., 2008),
the Colorado potato beetle Leptinotarsa decemli-
neata (Say) (Nauen and Denholm, 2005), and a
few others like the mango leathopper Idioscopus
clypealis (Lethierry) have developed resistance to
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neonicotinoids in some parts of the world (Elbert
et al., 2008). A laboratory-selected #zAChR subunit
Nla1 point mutation (Y151S) observed is most like-
ly responsible for conferring target-site resistance to
neonicotinoid insecticides in the brown planthopper
N. lugens (Liu et al., 2007). The Y151S mutation has
a significantly reduced effect on neonicotinoid agonist
activity when the subunit Nla1 is coassembled with
Nlo2 than when expressed as the sole a-subunit in a
heteromeric nAChR (Liu et al., 2009). A mutation at
this site (Y151M) when introduced into Nlal and
coexpressed with rat B2 in Xenopus oocytes also
showed lower agonist activity (Zhang et al., 2008).
In this context, the possible role of the subunit NIf1 in
neonicotinoid sensitivity was investigated by A-to-I
RNA editing as well (Yao et al., 2009).

One area of major concern over the last decade is
resistance development in B. tabaci (Nauen and
Denholm, 2005). Owing to the obvious advantage
of B. tabaci Q-biotypes in neonicotinoid use envir-
onments, resistance started to spread all over the
world and is now no longer restricted to intense
European cropping systems such as in southern
Spain. Cross-resistance studies with both acetami-
prid and thiamethoxam revealed that the strain
that had been laboratory selected with thia-
methoxam for 12 generations exhibited almost no
cross-resistance to acetamiprid (original strain col-
lected in the Ayalon Valley late in the cotton-growing
season 2002), whereas the acetamiprid-selected
strain exhibited high cross-resistance of >500-fold
to thiamethoxam (Horowitz et al., 2004). A possible
explanation for the lack of cross-resistance to
acetamiprid in thiamethoxam-selected whiteflies is
selection for different resistant traits (Horowitz
et al., 2004). Resistance in thiamethoxam-selected
whiteflies might be associated with an activation
mechanism, as it has been shown that thiamethoxam
is most probably a pro-drug easily converted to
clothianidin (Jeschke and Nauen, 2007), whereas in
acetamiprid-selected whiteflies the activated com-
pound itself (clothianidin) is the primary target for
detoxification and results in broad cross-resistance
to all neonicotinoids (Horowitz et al., 2004).

One interesting finding is that resistance to imida-
cloprid is age specific in both B- and Q-type strains of
B. tabaci (Nauen et al., 2008). The authors showed
that in contrast to adults exhibiting high levels of
resistance to imidacloprid, young nymphs are still
susceptible. The highest observed resistance ratio
at LDso expressed in prepupal nymphs was 13,
compared with atleast 580 in their adult counter-
parts (Nauen et al., 2008). This has considerable
implications for resistance management strategies,
since targeted nymphs are still well controlled and

selection pressure is released from adults. Neonico-
tinoid resistance in B. tabaci is most likely mediated
by CYP6CM1(vQ), a cytochrome P450 monooxy-
genase described to be highly over-expressed in fe-
male adults (Karunker et al., 2008), and shown to
hydroxylate imidacloprid at the 5-position of the
imidazolidine ring system when heterologously
expressed in Escherichia coli (Karunker et al.,
2009). Another whitefly species reported to have
developed resistance to neonicotinoids is the green-
house whitefly, Trialeurodes vaporariorum (Gorman
et al., 2007; Karatolos et al., 2009). Similar to
B. tabaci, this species also shows cross-resistance
to pymetrozine (Karatolos et al., 2009).

Furthermore, field populations of brown planthop-
pers, N. lugens and Sogatella furciera Horvath, resis-
tant to neonicotinoids have been described in
East and South-East Asia (Gorman et al., 2008;
Matsumura et al., 2008). Mechanistic studies showed
a clear correlation between resistance ratios to
imidacloprid and the extent of O-deethylation of
ethoxycoumarin, indicating that resistance is likely
conferred by monooxygenases similar to that ob-
served in whiteflies (Puinean et al., in press). Finally,
target-site resistance due to mutations in #AChR
subunits has been suggested to occur in the Colorado
potato beetle L. decemlineata (Tan et al., 2008).
More information on general aspects of insecticide
resistance can be found on the website of the
Insecticide Resistance Action Committee (IRAC,
www.irac-online.org; McCaffery and Nauen, 2006).

The increasing success of neonicotinoids as an
insecticide class also relies on a high degree of versa-
tile application methods (foliar, seed, or soil treat-
ment), not seen to the same extent in other chemical
classes (Elbert et al., 2008). New formulations have
been developed for neonicotinoid insecticides
(examples from Bayer CropScience) to optimize
their bioavailability through improved rain fastness,
better retention, and spreading of the spray deposit
on the leaf surface, combined with higher leaf pene-
tration through the cuticle and translocation within
the plant (Baur et al., 2007; Elbert et al., 2008). The
new formulation technology O-TEQ™ (oil disper-
sion, OD) for foliar application was developed for
imidacloprid (Confidor®) and thiacloprid (Calyp-
so™) (Baur et al., 2007). The O-TEQ® formulations
facilitate leaf penetration, particularly under subop-
timal conditions for foliar uptake.

Combined formulations of neonicotinoids with
pyrethroids such as Confidor S® (imidacloprid and
cyfluthrin for control of tobacco pests in South
America), Muralla® (imidacloprid and deltamethrin
for vegetable and rice in Central America and
Chile), or Connect® (imidacloprid and p-cyfluthrin
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for control of stinkbugs in soybean) and other insec-
ticides are also being developed with an aim of
broadening the insecticidal spectrum of neonicoti-
noids and to replace WHO Class I products from
older chemical classes (Elbert et al., 2008). In addi-
tion to the insecticidal properties of imidacloprid, a
stress shield mode of action was identified. It sup-
ports plants in moderating the effects of abiotic and
biotic stress. Therefore, Trimax® (Hopkins et al.,
2005), an optimized imidacloprid formulation was
developed, which moderates water stress in plants
with an average lint yield increase in cotton of 10%
(Thielert, 2006; Gonias et al., 2008).

In addition to crop protection, applications of
neonicotinoid insecticides in non-agricultural fields
is also expanding in the last 5 years, e.g., household
sectors, lawn and garden, and for controlling ecto-
parasites in animal health (Rust, 2005). New bait
gel products containing imidacloprid like Maxforce
Prime® (Bayer EnvironmentalSciences), for the con-
trol of cockroaches, and thiamethoxam like Opti-
gardTM (Syngenta), for broad-spectrum control of
ants, are now on the market. Other products include
Agita® 10 WG (Novartis Animal Health), a water-
soluble granule containing thiamethoxam and the
fly pheromone (Z)-9-tricosen for use against the
house fly Musca domestica and against synanthro-
pic flies (Nurita et al., 2008).

In the field of animal health, AdvantageMulti™
(or Advocate™; Bayer Animal Health) is a spot-on
formulation of the macrolactone moxidectin and imi-
dacloprid which shows efficacy against ear mites
(Otodectes cynotis) and fleas (Ctenocephalides felis)
(Wenzel et al., 2008). K9 Advantix® (Bayer Animal
Health) is a spot-on topical solution of imidacloprid
and permethrin for dogs, that work synergistically
against the most common and important external
parasites such as the long star tick, like Amblyomma
americanum. Finally, Vectra 3D™ (Summit Vet-
Pharm) is a new topical spot-on ectoparasiticide con-
taining a combination of dinotefuran, permethrin,
and pyriproxyfen against A. americanum and the
Gulf Coast tick A. maculatum on dogs (Coyne, 2009).

Over the last 5 years, sales of the neonicotinoids
have nearly trebled. Future expansion will be driven
by growth of the established commercial neonicoti-
noids. The chemical class will further benefit from
organophosphate and carbamate replacements. Ge-
neric competition will lead to price erosions, which
also will open new opportunities for neonicotinoids
in low-price markets (Elbert et al., 2008). Combined
with active life-cycle management such as optimized
formulations and new combinations, neonicoti-
noids will be the most important chemical class in
the next few years in modern crop protection.
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4.1. Introduction

In 1967 Carrol Williams proposed that the term
“third generation pesticide” be applied to the poten-
tial use of the insect juvenile hormone (JH) as an
insecticide, and suggested that it would not only be
environmentally benign but that the pest insects
would also be unable to develop resistance. Howev-
er, it took several years before the first commercial
juvenile hormone analog (JHA) made its debut
(reviews: Retnakaran et al., 1985; Staal, 1975).
Since then, several compounds that adversely inter-
fere with the growth and development of insects
have been synthesized, and have been collectively

referred to as “insect growth regulators (IGRs)”
(review: Staal, 1982). Concerns over eco-toxicology
and mammalian safety have resulted in a paradigm
shift from the development of neurotoxic, broad-
spectrum insecticides towards softer, more environ-
mentally friendly pest control agents such as
IGRs. This search has led to the discovery of chemi-
cals that: (1) interfere with physiological and bio-
chemical systems that are unique to either insects in
particular or arthropods in general; (2) have insect-
specific toxicity based on either molecular target site
or vulnerability to a developmental stage; and (3) are
safe to the environment and nontarget species. At



122 4: Insect Growth- and Development-Disrupting Insecticides

the physiological level, opportunities to develop
insecticides with such characteristics existed, inter
alia, in the endocrine regulation of growth, develop-
ment, reproduction, and metamorphosis. The ratio-
nale was that if the pest insect is treated with a
chemical analog, which mimics the action of hor-
mones like JHs and ecdysteroids, at an inappropri-
ate stage the hormonal imbalance would force the
insect to go through abnormal development leading
to mortality. It was also thought that because such
chemicals would in many instances work via the
receptor(s) of these hormones, it was less likely for
the affected population to develop target site resis-
tance. Yet other target sites are the biosynthetic
steps of cuticle formation, which insects share with
other arthropods. Adversely interfering with this
process would result in the inability of the intoxicat-
ed insect to molt and undergo further development.
Unlike neurotoxic insecticides that are fast acting,
IGRs are in general slow acting, which might result
in more damage to the crop. However, some
IGRs, such as ecdysone agonists, induce feeding inhi-
biton, significantly reducing the damage to below
acceptable levels. The slow mode of action of some
IGRs, such as chitin synthesis inhibitors, can be an
advantage in controlling social insects, such as ter-
mites, where the material has to be carried to the
brood and spread to other members.

It was in the early seventies that the first chitin
synthesis inhibitor, a benzoylphenylurea, was dis-
covered by scientists at Philips-Duphar BV, (now
Crompton Corp., Weesp, The Netherlands), and
marketed as Dimilin® by the Uniroyal Chemical
Company (Crompton Corp. Middlebury, CT) in
the USA. Since then several new analogs that inter-
fere with one or more steps of cuticle synthesis
have been synthesized and are being marketed for
controlling various pests. These products are
reviewed in Section 4.4, with emphasis on recent
developments.

After the initial success with the synthesis of meth-
oprene by Zoecon (Palo Alto, CA, USA) very few
new JHAs with good control potential other than
pyriproxyfen and fenoxycarb have been developed.
These compounds have been particularly useful in
targeting the eggs and embryonic development as
well as larvae. The synthesis of pyriproxifen and
fenoxycarb was a departure from the terpenoid
structure of JHs and earlier JHAs, and is reviewed
in Section 4.3. For extensive reviews on earlier JHAs
the reader is referred to Retnakaran et al. (1985) and
Staal et al. (1975).

Early attempts in the 1970s to synthesize insecti-
cides with molting hormone (20-hydroxyecdysone)

activity failed because they were based on a choles-
terol backbone, which resulted in chemical and met-
abolic instability of the steroid nucleus (Watkinson
and Clarke, 1973). It took nearly two more decades
before the first nonsteroidal ecdysone agonist, based
on the bisacylhydrazine class of compounds, was
synthesized (Hsu, 1991). Structure activity optimi-
zation of the first such compound over the sub-
sequent few years led to the synthesis of four
highly effective compounds that have since been
commercialized (see Section 4.2.1). The reader is
also referred to earlier reviews on the ecdysone ago-
nist insecticides (Oberlander et 