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The sulfoximines, as exemplified by sulfoxaflor ([N-[methyloxido[1-[6-(trifluoromethyl)-3-pyridi-
nyl]ethyl]-k4-sulfanylidene] cyanamide] represent a new class of insecticides. Sulfoxaflor exhibits a high
degree of efficacy against a wide range of sap-feeding insects, including those resistant to neonicotinoids
and other insecticides. Sulfoxaflor is an agonist at insect nicotinic acetylcholine receptors (nAChRs) and
functions in a manner distinct from other insecticides acting at nAChRs. The sulfoximines also exhibit
structure activity relationships (SAR) that are different from other nAChR agonists such as the
neonicotinoids. This review summarizes the sulfoximine SAR, mode of action and the biochemistry
underlying the observed efficacy on resistant insect pests, with a particular focus on sulfoxaflor.

� 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-ND license. 
1. Introduction

Resistance to existing insecticides is an on-going problem [1]
that requires the development of new insect control tools. A num-
ber of sap-feeding insects including Myzus persicae (green peach
aphid; GPA), Aphis gossypii (cotton aphid), Bemisia tabaci (sweet po-
tato whitefly) and Nilaparvata lugens (brown plant hopper), have a
history of developing resistance to available insecticides [1].
Although initially slow to develop, many of these same sap-feeding
insect pests have now developed resistance to the neonicotinoid
insecticides [2–4] that are currently the mainstay for their control
in a wide range of crops [2,3].

The sulfoximines are a new class of insecticides targeting sap-
feeding insects [5–7]. Sulfoxaflor (Fig. 1) is the initial compound
in this new sulfoximine insecticide class to be selected for com-
mercial development. The sulfoximines, as exemplified by sulfoxa-
flor, exhibit several unique characteristics. The members of this
class contain a unique chemical moiety, a sulfoximine, the first
for a commercial agrochemical, and one which confers a unique
set of structure activity relationships (SAR) compared to other
insecticides. Like several chemically diverse classes of insecticides
(spinosyns, neonicotinoids, nereistoxin analogs), sulfoxaflor acts
on insect nicotinic receptors (nAChRs). However, as discussed be-
low, there are aspects of the sulfoxaflor – nAChR interaction that
distinguish it from the other nAChR acting insecticides. The sulfox-
imines are also effective against a wide range of sap-feeding insect
pests that are resistant to other classes of insecticides, including
many that are resistant to the neonicotinoids. Associated with this
lack of cross-resistance, the sulfoximines such as sulfoxaflor are
poor substrates for the metabolic enzymes involved in resistance
to other classes of insecticides. This review examines each of these
aspects and how it applies to insecticide resistance management
(IRM) for this novel class of chemistry.
2. Chemistry

2.1. Discovery

The sulfoximine insecticides (SFI), including sulfoxaflor,
emerged from exploration of unusual and underrepresented chem-
ical moieties for pesticidal activity an example of which is the sul-
foximine moiety (Fig. 1) [6]. Early sulfoximine analogs (Fig. 1,
strucuture A) exhibited weak fungicidal activity [6]. Continued
exploration led to N-nitro substituted sulfoximines (Fig. 1, struc-
ture B), which evolved to a chloropyridine analog (SFI-1 Fig. 1) that
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Fig. 1. Evolution of sulfoximine analogs leading to sulfoxaflor, structures of selected sulfoximines and general structure for the sulfoximines in Table 1. Structures A and B
represent generalized motifs for early sulfoximine analogs, where R1-R5 are substituents and [A]n = 0-2 atoms.

2 T.C. Sparks et al. / Pesticide Biochemistry and Physiology 107 (2013) 1–7
exhibited a shift in biological activity towards sap-feeding insects
[6,8]. Replacement of the nitro substituent on the imine nitrogen
with a cyano group improved insecticidal activity (SFI-2; Fig. 1, Ta-
ble 1), while addition of a methyl group on the methylene bridge
between the sulfoximine and the chloropyridine provided a further
boost in insecticidal potency (SFI-3, Fig. 1, Table 1). Finally, replace-
ment of the chlorine on the pyridine with a CF3 resulted in an addi-
tional improvement in activity (SF-7; sulfoxaflor, Fig. 1, Table 1).
Table 1
Insecticidal activity of sulfoximine analogs against Myzus persicae.

M. persicae

SFIa Het R1 R2 R3 A LC90b LC50c

1 6-Cl-3-pyridyl H H NO2 C 239 –
2 6-Cl-3-pyridyl H H CN C 11.3 –
3 6-Cl-3-pyridyl H CH3 CN C 1.1 1.4
4 6-Cl-3-pyridyl H CH3 NO2 C 12.0 –
5 6-CF3-3-pyridyl H H CN C 5.0 –
6 6-CF3-3-pyridyl H CH3 NO2 C 4.6 >100

7d 6-CF3-3-pyridyl H CH3 CN C 0.19 0.08
8 2-Cl-5-thiazoyl H H CN C >200 14.4
9 2-CF3-5-thiazoyl H H CN C >200 –

10 THFe H CH3 CN C >200 –
11 6-CF3-3-pyridyl CH3 CH3 CN C 1.4 0.45
12 6-CF3-3-pyridyl F CH3 CN C – 4.64
13 6-CF2Cl-3-

pyridyl
H H CN C – 9.6

14 6-Cl-3-pyridyl H H CN N >200 –
15 6-Cl-3-pyridyl H CH3 CN N 22.3 –
16 6-CF3-3-pyridyl H CH3 CN N 7.1 –
17 6-CF3-3-pyridyl H CH3 MTH6 C 3.8 –
Imidacloprid – – – – – 0.24 0.1

a SFI – sulfoximine insecticide: see Fig. 1 for generic structure of the sulfoximine
insecticides.

b Watson et al. [23] & unpublished Dow AgroSciences data, LC90, ppm.
c [24], ppm.
d Sulfoxalfor.
e THF = tetrahydrofuran.
f MTH = 2-CH3-thiazole.
The CF3 analog (sulfoxaflor) was selected for commercial develop-
ment (Fig. 1).
2.2. Sulfoximines: distinct from the neonicotinoids

Because the sulfoximines and neonicotinoids both function as
nAChR agonists, it might be assumed that the SARs and interac-
tions with the insect nAChR of the two chemistries are quite
similar. However, the sulfoximines and neonicotinoids are dis-
tinct just as other classes of structurally similar insecticides are
distinct. For example, the organophosphorus and carbamate
insecticides, both of which inhibit acetylcholinesterase, can pos-
sess very similar structural elements (Fig. 2), and yet are widely
viewed as different classes of insecticides each possessing very
individual SARs. These chemistries are defined by the organo-
phosphorus and carbamate functional groups [9–12], not by
the presence of a particular aryl or heterocyclic ring system.
For instance, methiocarb, MTMC and fenthion, all possess very
similar aryl ring systems (Fig. 2), and yet are clearly defined
Fig. 2. Structures for selected organophosphorus and carbamates possessing
similar aryl moieties or a halopyridine.
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by their carbamate and organophosphate moieties. Likewise the
presence of a halopyridine on the organophosphate chlorpyri-
fos-methyl (Fig. 2) does not define it as a neonicotinoid. In a
similar manner, the SAR of the sulfoximines is highly contrasted
when compared to the neonicotinoids. For example, a defining
characteristic of all commercial neonicotinoids is the presence
of at least one sp3 nitrogen, either as part of a heterocyclic or
an acyclic moiety (Fig. 3). It is the presence of this sp3 nitrogen
in association with a conjugated electron withdrawing group
that led to the definition of ‘‘neonicotinoid’’ [13–14] and remains
central to the neonicotinoid pharmacophore [2,15,16]. Impor-
tantly, the absence of a sp3 nitrogen in a neonicotinoid is asso-
ciated with a loss of insecticidal activity [17,18]. In marked
contrast to the neonicotinoids, the sulfoximines lack any sp3

nitrogen [19] (Fig. 3) and yet are highly insecticidal [5,6]. More-
over, incorporation of a sp3- nitrogen into the sulfoximine struc-
ture results in a marked reduction in insecticidal activity
(Table 1), further illustrating differences in the SARs of the sul-
foximines and neonicotinoids.

In addition to lacking a sp3 nitrogen in a conjugated system,
other contrasts in the sulfoximine SAR include the marked
improvement in insecticidal activity associated with the presence
of a 6-CF3 substituent on the pyridine ring (Table 1). Replacement
of the chlorine with a CF3 group on the pyridine of a nitromethyl-
ene neonicotinoid results in a large decrease in activity [20]. A
similar reduction in activity is also associated with replacement
of the chlorine with a CF3 on the thiazole ring of clothianidin
[21]. Additionally, substitution of the 6-chloropyridine moiety
with a 5-chlorothiazole can have little effect on the activity of
neonicotinoids [22] and in some cases provides an improvement
in insecticidal efficacy [21]. However for the sulfoximines, replace-
ment of the 6-chloropyridine with a 5-chlorothiazole, results in a
dramatic decline in insecticidal activity [23,24] (Table 1). Further,
replacement of the 6-chloropyridine moiety of sulfoxaflor with a
tetrahydrofuran, like that of dinotefuran (Fig. 3), results in a total
loss of insecticidal activity (Table 1). Thus, based on the numerous
contrasts in the SARs, the sulfoximines, and especially sulfoxaflor,
are clearly distinct from the neonicotinoids. This differentiation
Fig. 3. Structures of sulfoximines compared to commercial neonicotinoids high
was recently recognized by the Insecticide Resistance Action
Committee (IRAC) classifying sulfoxaflor (Group 4C) as separate
from the neonicotinoids (Group 4A) [25].
2.3. Sulfoximine analogs

In light of the excellent insecticidal efficacy of the sulfoxi-
mines and following the publication of the first Dow AgroScienc-
es sulfoximine insecticide patent [8], an expanding range of
insecticidal sulfoximines has been described in the literature
[6,7,23,24,26] (Figs. 1 and 4), and in numerous patents and pat-
ent applications [27–36] (Figs. 4 and 5). Following up on sulfox-
imines described by Zhu et al. [8] and Loso et al. [29], a small
set of these sulfoximines with a mono- or di-substituted-thiazole
in place of the 6-chloropyridine (Fig. 4) were investigated for
insecticidal activity [37], as were other 5-chlorothiazole sulfoxi-
mines with an extended bridge containing a substituted benzyl-
amine [38] or benzamides [39] (Fig. 4). Based on insecticidal
activity, the motif of these particular sulfoximines appears to
be far less efficacious than that of the sulfoximines closely re-
lated to sulfoxaflor.

Recently, a number of other insecticidal sulfoximines related to
sulfoxaflor (e.g. two methyl groups on the methylene bridge; e.g.
SFI-11, Fig. 1) have been described [24]. However, the added
methyl group on the methylene bridge is clearly detrimental since
none of these analogs were as active as sulfoxaflor [24] (Table 1).
Likewise, the insecticidal activity of sulfonimidamides (a nitrogen
in the methylene bridge) related to sulfoxaflor [36] (Fig. 5); lags
behind those of sulfoximines and sulfoxaflor [40] (Table 1). Thus,
the configuration of sulfoxaflor is highly optimized for a sulfoxim-
ine-based insecticide targeting sap-feeding insect pests. Deviation
from this particular configuration quickly leads to a reduction in
insecticidal activity. Also, as noted below, even among the sulfox-
imine insecticides, sulfoxaflor is a more potent insecticide than
might otherwise be expected based on the target-site binding
affinity.
lighting the presence of one or more sp3 nitrogens in the neonicotinoids.



Fig. 4. Examples of sulfoximines with a thiazole in place of a pyridine.

Fig. 5. Examples of sulfoximines containing an sp3 nitrogen.
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3. Mode of action

It was initially demonstrated that the affinity for a set of sulfox-
imines for the low affinity [3H] IMI binding site was significantly
correlated with GPA toxicity (r2 = 0.68 with sulfoxaflor, 0.85 with-
out sulfoxaflor [23]). However, sulfoxaflor has relatively weak
affinity for the low affinity GPA nAChR binding site compared to
most neonicotinoid insecticides such as imidacloprid [6,23,24,40].
As implied from the higher correlation coefficient with the omis-
sion of sulfoxaflor from the binding/toxicity correlation, even when
compared to other sulfoximines, sulfoxaflor may be distinct. For
example, the 6-Br-3-pyridyl sulfoximine analog exhibits affinity
for the low affinity GPA nAChR binding site that is nearly identical
to imidacloprid and is >30� higher affinity than sulfoxaflor [23].
Nonetheless, the 6-Br-3-pyridiyl analog is substantially less
insecticidal (5-fold) than sulfoxaflor [23], suggesting that in
addition to nAChR affinity, other factors must contribute to the
potent insecticidal activity of sulfoxaflor.
Additionally, Cutler et al. [24] also detailed the binding and
pharmacology of a sulfoxaflor analog, [3H]-methyl-sulfoxaflor
([3H]Me-SFX), concluding that [3H]Me-SFX is a selective radioli-
gand for a high affinity nAChR binding site and suggest, by infer-
ence, that the binding of sulfoxaflor at this site constitutes an
important nAChR interaction for toxicity. However, the affinity
of sulfoxaflor for the site identified by [3H]Me-SFX, while signif-
icantly higher than that for the low affinity nAChR binding site,
it is nonetheless significantly weaker relative to equally toxic
neonicotinoid insecticides. Therefore, the affinity at neither the
low nor the high affinity nAChR binding sites fully account for
the potent insecticidal actions of sulfoxaflor. Perhaps additional
studies using radiolabeled sulfoxaflor will more clearly demon-
strate whether binding of sulfoxaflor to the high or low affinity
nAChR binding site, or perhaps both, is most relevant to insect
toxicity.

The symptoms of GPA intoxicated by sulfoxaflor are initially
excitatory and include tremors, antennal waving, and leg exten-
sion or curling, followed by partial or complete paralysis and
death [23]. Consistent with the early symptoms, sulfoxaflor was
found to be an agonist at the insect nAChR [23]. Using cloned
and expressed nAChRs from Drosophila melanogaster, the nAChR-
mediated currents induced by sulfoxaflor (Imax = 348%) were
determined to be significantly larger than those for other
nAChR-acting insecticides (the neonicotinoids; Imax = 12.2–47.2%)
except clothianidin (Imax = 273%) [23]. Further, sulfoxaflor also
produced larger amplitude currents than all the tested sulfoxi-
mines, including SFI-3 (compound Cl-SFI, Imax = 94%), which has
a Cl-pyridine replacement of the CF3-pyridine moiety of sulfoxa-
flor [23]. However, other sulfoxaflor-sensitive nAChRs may not
share the high efficacy observed in these initial studies. For exam-
ple, a study on neurons from the stick insect, Carausius morosus,
found that sulfoxaflor may act as a desensitizing partial agonist
on nAChRs from this model organism [26]. The symptoms of sulf-
oxaflor intoxication for this species were predominantly inhibi-
tory, and clearly different from those of the neonicotinoid
imidacloprid [26]. The lack of excitatory symptoms is consistent
with desensitization of nAChRs as well as with a partial agonist
action of sulfoxaflor. The authors further demonstrated that,
when pharmacologically isolated by desensitization, there are dis-
tinctions between the nAChR subtype selectivity and affinity of
sulfoxaflor and imidacloprid [26].

Further evidence of nAChR subtype selectivity between sulfox-
aflor and imidacloprid comes from studies on mutagenized D. mel-



Table 2
Resistance ratios for sulfoximines, neonicotinoids and other insecticides in insecticide resistant strains.

Compound M.p M.p B.t B.t B.t N.l. A.g. A.g. D.m D.m. D.m.

Ra FRC-Pb 499c Chkd 497e Ogorif Belzg Greh Da1i Db2i 4A4Di

Sulfoximines
Sulfoxaflor 0.4 43 1.6 2.8 2.2 1.5 0.9 2.5 1.5 2.8 2.6
SFI-2 0.7 – – 5.2 – – – – – – –
SFI-3 0.2 – – 2.9 – – – – – – –

Neonicotinoids
Imidacloprid 17 2350 >225 >800 1020 438 – – 20.6 28.7 26.8
Thiacloprid – >2500 – – – – – – – – –
Clothianidin – 3013 – – – – – – 16.1 34.6 12.4
Thiamethoxam – 270 132 – – – 29.1 550 – – –
Acetamiprid – 82 13.4 – – – – – 23.3 27.3 27.3
Dinotefuran – 54 20.1 – – – – – 2.1 24.9 20.3
Nitenpyram – – – – – – – – 13.2 70.3 35.2

Pyrethroids
Deltamethrin 60 – – 835 – – – – – – –
lambda-Cyhalothrin – >5000 – – – – – – – – –

Other insecticides
Profenofos – – – 189 – – – – – – –
Pirimicarb – 11 – – – – – – – – –
Pymetrozine – 6 – – – – – – – – –
Flonicamid – 2 – – – – 1.1 – – – –

a M. persicae – R-4013A: [6,56,57].
b M. persicae – FRC-P: [24,58].
c B. tabaci – 4991BT1: [42,56].
d B. tabaci – Chloraka: [42,56].
e B. tabaci – 4971BT9: [42,56].
f N. lugens – Ogori-R: [5].
g A. gossypii – Belzoni 2011 (72 h) [43].
h A. gossypii – Grenada MS (A) 2009 (48 h) [43].
i D. melanogaster[41].
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anogaster. Here, insects with altered Da1 and Db2 nAChR subunits
were resistant to imidacloprid and other neonicotinoids, but
showed very limited or no resistance to sulfoxaflor, suggesting a
differential interaction with nAChRs between the neonicotinoids
and sulfoxaflor [41]. One potential explanation for the differences
between sulfoxaflor and the neonicotinoids in this study is that
sulfoxaflor may act on different D. melanogaster nAChR subunit
combinations than the neonicotinoids.
4. Cross-resistance and differential metabolism

A notable feature of sulfoxaflor is the high level of efficacy
against a range of sap-feeding insects that are resistant to a variety
of insecticides, including the neonicotinoid imidacloprid [5–
7,42,43] (Table 2). Resistance to the neonicotinoid insecticides is
most commonly associated with enhanced metabolism [2,44–50].
Thus, one hypothesis for the lack of cross-resistance to sulfoxaflor
in imidacloprid resistant strains would be that sulfoxaflor is not
metabolized by the enzymes involved in imidacloprid metabolism.
Recent studies support this hypothesis in that sulfoxaflor and the
chloro-SFI analog (SFI-3) are not metabolized in vitro by the mono-
oxygenase CYP6G1 [19], an enzyme associated with resistance to a
range of insecticides including pyrethroids, organophosphates and
neonicotinoids in D. melanogaster [51]. Molecular modeling studies
rationalize that the lack of metabolism is a function of the struc-
ture in that the three-dimensional shape of sulfoxaflor prevents
it from getting close enough to the heme-oxo active site for metab-
olism to occur [19]. Interestingly, the number of sp3 nitrogens and
their associated Hückle charges is correlated with susceptibility of
the neonicotinoids and sulfoximines to metabolism by the mono-
oxygenase CYP6G1 [19]. This rationale is supported by studies
where the introduction of a sp3 nitrogen into the sulfoximine
structure resulted in increased susceptibility to metabolism by
the CYP6G1 [19]. Perhaps surprisingly, the monooxygenase associ-
ated with neonicotinoid resistance in the whitefly B. tabaci
(CYP6CM1vQ; [50]) is able to metabolize imidacloprid, thiacloprid
and clothianidin, but not acetamiprid or thiamethoxam [50]. In
contrast, CYP6G1 is able to metabolize a wide range of insecticides
including organophosphorus, pyrethroid, organochlorine and
neonicotinoid insecticides [51], suggesting that CYP6G1 has a
much broader substrate range than CYP6CM1vQ. Thus, the inabil-
ity of CYP6G1 to metabolize sulfoxaflor is all the more remarkable
and further supports the importance and uniqueness of the sulfox-
imine structure in the overall insecticidal efficacy of the
sulfoximines.

5. Cross-resistance and insecticide resistance management

The efficacy of sulfoxaflor against pest insect strains resistant to
neonicotinoids and other insecticides has been examined in a vari-
ety of studies [5–7,41–43]. In general, these studies show a broad
lack of cross-resistance to sulfoxaflor across a range of species
(Table 2). As noted above, virtually all cases of resistance to the
neonicotinoids are associated with enhanced levels of metabolism
[2,44–49], and available data [7,19] suggest that the sulfoximines
are likely to be unaffected by the monooxygenases involved in
these neonicotinoid-resistant strains. Thus, the broad lack of
cross-resistance towards sulfoxaflor in neonicotinoid and other
resistant strains is consistent with the unique chemistry and bio-
chemistry of the sulfoximines.

There is now a single example where a modest level of cross-
resistance to sulfoxaflor was observed in a strain resistant to the
neonicotinoids and other insecticides (e.g. lambda-cyhalothrin)
(Table 2). In this particular instance, a strain (FRC-R) of GPA only
found on peaches in a few regions of France, Spain and Italy, pos-
sesses both enhanced metabolism and a mutation in the nAChR
target site [24,52]. This FRC-R strain exhibits more than 2300-fold
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resistance to imidacloprid, but only a 43-fold resistance to sulfox-
aflor [24] (Table 2). Although significant, the level of cross-resis-
tance observed for sulfoxaflor, and other non-neonicotinoid
insecticides (e.g. pirimicarb, pymetrozine), is lower than that for
any of the neonicotinoid insecticides examined [24] (Table 2). Fur-
thermore, field trials on GPA populations confirmed to possess the
mutation have demonstrated good efficacy for sulfoxaflor at antic-
ipated label rates (unpublished data). The limited degree of cross-
resistance observed to sulfoxaflor may be due to its inherent
metabolic stability [19,24] minimizing the effects of the enhanced
metabolism that also exists in the FRC-P strain. Additionally,
the distinct action of sulfoxaflor at nAChRs relative to the
neonicotinoids may also render this specific target site mutation
(R81T) less significant for sulfoxaflor than for neonicotinoids such
as imidacloprid. Interestingly, this same point mutation has also
been recently found associated with imidacloprid resistance in
strains of the cotton aphid, A. gossypii [53,54]. The specific impact
of R81T on the action of sulfoxaflor remains an area for further
study. Other recent studies with neonicotinoid resistant
D. melanogaster possessing target site-based resistance involving
two nAChR subunits (Da1 and Db2) showed very limited or no
cross-resistance to sulfoxaflor and another sulfoximine insecticide
while displaying resistance to a wide range of neonicotinoids [41]
(Table 2). Thus, sulfoxaflor should be broadly active on a wide
range of resistant sap-feeding insect pests including those resistant
to the neonicotinoids, whether by metabolic or in some instances
target site-based mechanisms.

In spite of a broad lack of cross-resistance between sulfoxaflor
and the neonicotinoids, Dow AgroSciences supports and follows
guidelines from the IRAC that recommend that compounds in dif-
ferent subgroups should not be rotated unless there are no other
options [25]. However, available data indicate that sulfoxaflor is
an excellent potential replacement for neonicotinoid insecticides,
and would make an excellent foundation insecticide in an IRM
rotation scheme with other classes of aphid insecticides (e.g.
pymetrozine, flonicamid), where resistance to the neonicotinoids
is a potential concern.

6. Conclusions

The sulfoximines, especially sulfoxaflor, are chemically and bio-
chemically distinct from other insecticides acting on nAChRs
including the neonicotinoids, spinosyns and nereistoxin analogs.
Perhaps not surprisingly, the sulfoximines possess SARs that are
highly divergent from other nicotinic agonists such as the
neonicotinoids. Sulfoxaflor is active against a wide range of
sap-feeding insect pests [5,7,55], including those that are resistant
to neonicotinoids and other insecticides [5–7,42,43]. In recognition
of these facts, the IRAC has placed sulfoxaflor in a mode of action
subgroup (Group 4C) [25] that is separate from the neonicotinoids
(Group 4A). Thus, sulfoxaflor provides growers with new options in
pest insect control and IPM programs.

Acknowledgment

The authors thank Dr. Cliff Gerwick and the anonymous review-
ers for the journal for useful comments and suggestions.

References

[1] M.E. Whalon, D. Mota-Sanchez, R.M. Hollingworth, Analysis of global pesticide
resistance in arthropods, in: M.E. Whalon, D. Mota-Sanchez, R.M.
Hollingworth (Eds.), Global Pesticide Resistance in Arthropods, CAB
International, Wallingford, UK, 2008, pp. 5–31.

[2] P. Jeschke, R. Nauen, Neonicotinoid insecticides, in: L.I. Gilbert, S.S. Gill (Eds.),
Insect Control: Biological and Synthetic Agents, Academic Press, New York,
2010, pp. 61–113.
[3] R. Nauen, P. Jeschke, Basic and applied aspects of neonicotinoid insecticides, in:
O. Lopez, J.G. Fernandez-Bolanos (Eds.), Green Trends in Insect Control, Royal
Society of Chemistry, Cambridge, UK, 2011, pp. 132–162.

[4] APRD – Arthropod Pesticide Resistance Database, Michigan State University,
2012. http://www.pesticideresistance.org/.

[5] J.M. Babcock, C.B. Gerwick, J.X. Huang, M.R. Loso, G. Nakamura, S.P. Nolting,
R.B. Rogers, T.C. Sparks, J. Thomas, G.B. Watson, Y. Zhu, Biological
characterization of sulfoxaflor, a novel insecticide, Pest Manag. Sci. 67 (2011)
328–334.

[6] Zhu, M.R. Loso, G.B. Watson, T.C. Sparks, R.B. Rogers, J.X. Huang, B.C. Gerwick,
J.M. Babcock, D. Kelley, V.B. Hegde, B.M. Nugent, J.M. Renga, I. Denholm, K.
Gorman, G.J. DeBoer, J. Hasler, T. Meade, J.D. Thomas, Discovery and
characterization of sulfoxaflor, a novel insecticide targeting sap-feeding
pests, J. Agric. Food Chem. 59 (2011) 2950–2957.

[7] T.C. Sparks, M.R. Loso, G.B. Watson, J.M. Babcock, V.J. Kramer, Y. Zhu, B.M.
Nugent, J.D. Thomas, Sulfoxaflor, in: W. Kramer, U. Schirmer, P. Jeschke, M.
Witschel (Eds.), Modern Crop Protection Compounds, Insecticides, second ed.,
vol. 3, Wiley-VCH, Weinheim, GR, 2012, pp. 1226–1237.

[8] Y. Zhu, R.B. Rogers, J.X. Huang, Preparation of N-substituted sulfoximines as
insecticides, U.S. Pat. Appl. Publ., 2005, 26 pp (CODEN: USXXCO US
20050228027 A1 20051013 CAN 143:386921 AN 2005:1103346).

[9] M. Eto, Organophosphorus Pesticides: Organic and Biological Chemistry, CRC
Press, Cleveland, OH, 1974.

[10] R.J. Kuhr, H.W. Dorough, Carbamate Insecticides: Chemistry, Biochemistry and
Toxicology, CRC Press, Cleveland, OH, 1976.

[11] G.W. Ware, D.M. Whitacre, The Pesticide Book, sixth ed., MeisterPro,
Willoughby, OH, 2004.

[12] S.J. Yu, The Toxicology and Biochemistry of Insecticides, CRC Press, Boca Raton,
FL, 2008.

[13] M. Tomizawa, I. Yamamoto, Structure–activity relationships of nicotinoids and
imidacloprid analogs, J. Pestic. Sci. 18 (1993) 91–98.

[14] I. Yamamoto, Nicotine to nicotinoids: 1962–1997, in: I. Yamamoto, J.E. Casida
(Eds.), Nicotinoid Insecticides and the Nicotinic Acetylcholine Receptor,
Springer, New York, 1999, pp. 3–27.

[15] P. Jeschke, R. Nauen, M. Schindler, A. Elbert, Overview of the status and
global strategy for neonicotinoids, J. Agric. Food Chem. 59 (2011) 2897–
2908.

[16] M. Tomizawa, J.E. Casida, Unique neonicotinoid binding conformations
conferring selective receptor interactions, J. Agric. Food. Chem. 59 (2011)
2825–2828.

[17] J. Boelle, R. Schneider, P. Gerardin, B. Loubinoux, P. Maienfisch, A. Rindisbacher,
Synthesis and insecticidal evaluation of imidacloprid analogs, Pestic. Sci. 54
(1998) 304–307.

[18] T. Wakita, Molecular design of dinotefuran with unique insecticidal properties,
J. Agric. Food Chem. 59 (2011) 2938–2942.

[19] T.C. Sparks, G.J. DeBoer, N.X. Wang, J.M. Hasler, M.R. Loso, G.B. Watson,
Differential metabolism of sulfoximine and neonicotinoid insecticides by
Drosophula melanogaster monooxygenase CYP6G1, Pestic. Biochem. Physiol.
103 (2012) 159–165.

[20] K. Shiokawa, S. Tsuboi, K. Moriya, S. Kagabu, Chloronicotinyl insecticides:
Development of imidacloprid, in: N.N. Ragsdale, P.C. Kearney, J.R. Plimmer
(Eds.), Eighth International Congress of Pesticide Chemistry: Options 2000,
American Chemical Society, Washington, DC, 1995, pp. 49–58.

[21] H. Uneme, Chemistry of clothianidin and related compounds, J. Agric. Food
Chem. 59 (2011) 2932–2937.

[22] S. Kagabu, Discovery of chloronicotinyl insecticides, in: I. Yamamoto, J.E.
Casida (Eds.), Nicotinoid Insecticides and the Nicotinic Acetylcholine Receptor,
Springer, New York, 1999, pp. 91–106.

[23] G.B. Watson, M.R. Loso, J.M. Babcock, J.M. Hasler, T.J. Letherer, C.D. Young, Y.
Zhu, J.E. Casida, T.C. Sparks, Novel nicotinic action of the
sulfoximine insecticide sulfoxaflor, Insect Biochem. Mol. Biol. 41 (2011)
432–439.

[24] P. Cutler, R. Slater, A.J.F. Edumnds, P. Maienfisch, R.G. Hall, F.G.P. Earley, T.
Pitterna, S. Pal, V-.L. Paul, J. Goodchild, M. Blacker, L. Hagmann, A.J.
Crossthwaite, Investigating the mode of action of sulfoxaflor: a fourth
generation neonicotinoid, Pest Manag. Sci. 69 (2013) 607–619.

[25] Insecticide Resistance Action Committee 2012, http://www.irac-online.org/.
[26] E.E. Oliveira, S. Schleicher, A. Buchges, J. Schmidt, P. Kloppenburg, V.L. Salgado,

Desensitization of nicotinic acetylcholine receptors in central nervous system
of the stick insect (Carausius morosus) by imidacloprid and sulfoximine
insecticides, Insect Biochem. Mol. Biol. 41 (2011) 872–880.

[27] B.M. Nugent, A.M. Buysse, J.M. Babcock, M.S. Ober, T.P. Martin, Preparation of
heterocyclic compounds as pesticides, U.S. Pat. Appl. Publ., 2009, 42 pp
(US20090029863 A1 20090129).

[28] Y. Zhu, M.R. Loso, B.M. Nugent, J.X. Huang, R.B. Rogers, Multisubstituted
pyridyl sulfoximines and their use as insecticides, U.S. Pat. Appl. Publ., 2008,
22 pp (US 20080108667 A1 20080508).

[29] M.R. Loso, B.M. Nugent, J.X. Huang, R.B. Rogers, Y. Zhu, J.M. Renga, V.B, Hegde,
J.J. Demark, Preparation of insecticidal N-substituted (6-haloalkylpyridin-3-
yl)alkyl sulfoximines, PCT Int. Appl., 2007, 77 pp (WO 2007095229 A2
20070823).

[30] M.R. Loso, B.M. Nugent, J.X. Huang, Preparation of N-substituted
(heteroaryl)cycloalkyl sulfoximines as insecticides. PCT Int. Appl., 2008, 43
pp (WO 2008027073 A1 20080306).

[31] M.R. Loso, B.M. Nugent, Y. Zhu, R.B. Rogers, J.X. Huang, J.M. Renga, G.T.
Whiteker, N.T. Breaux, J.F. Daeuble, Heteroaryl (substituted)alkyl N-

http://refhub.elsevier.com/S0048-3575(13)00098-9/h0005
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0005
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0005
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0005
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0005
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0005
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0005
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0005
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0010
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0010
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0010
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0010
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0010
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0010
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0015
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0015
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0015
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0015
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0015
http://www.pesticideresistance.org/
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0020
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0020
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0020
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0020
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0025
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0025
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0025
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0025
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0025
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0195
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0195
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0195
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0195
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0195
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0195
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0195
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0195
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0195
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0030
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0030
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0030
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0200
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0200
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0200
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0040
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0040
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0040
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0045
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0045
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0045
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0050
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0050
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0055
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0055
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0055
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0055
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0055
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0055
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0060
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0060
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0060
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0065
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0065
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0065
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0070
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0070
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0070
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0075
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0075
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0080
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0080
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0080
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0080
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0085
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0085
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0085
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0085
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0085
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0085
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0085
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0085
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0090
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0090
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0095
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0095
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0095
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0095
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0095
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0095
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0100
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0100
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0100
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0100
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0105
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0105
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0105
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0105
http://www.irac-online.org/
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0110
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0110
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0110
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0110


T.C. Sparks et al. / Pesticide Biochemistry and Physiology 107 (2013) 1–7 7
substituted sulfoximines as insecticides, U.S. Pat. Appl. Publ., 2008, 26 pp (US
20080108666 A1 20080508).

[32] M.R. Loso, B.M. Nugent, Y. Zhu, T.L. Siddall, F.E. Tisdell, J.X. Huang, Z.L. Benko,
Preparation of thiazolylalkylsulfoximines as insecticides. PCT Int. Appl., 2008,
40 pp (CODEN: PIXXD2 WO 2008027539 A1 20080306 CAN 148:308334 AN
2008:286194).

[33] B.M. Nugent, Z.L. Benko, J.M. Renga, M.R. Loso, T.P. Martin, Pesticidal
compositions of pyrimidinyl sulfanylidenecyanamide derivatives for pest
control, U.S. Pat. Appl. Publ., 2010, 17 pp (US 20100056534 A1 20100304).

[34] R. Paulini, D. Breuninger, W. von Deyn. H.M.M. Bastiaans, C. Beyer, D.D.
Anspaugh, H. Oloumi-Sadeghi, Sulfoximinamide compounds for combating
animal pests, PCT Int. Appl., 2009, 131 pp (WO 2009156336 A1).

[35] R. Paulini, W. von Deyn, H.M.M. Bastiaans, C. Beyer, Sulfonimidamide
compounds for combating invertebrate pests, PCT Int. Appl., 2011, 95 pp
(WO 2011069955 A1).

[36] R. Paulini, W. Von Deyn, H.M.M. Bastiaans, Preparation of sulfoximinamide
compounds for combating invertebrate pests, PCT Int. Appl., 2012, 122 pp (WO
2012085081 A1).

[37] H. Yu, Z. Qin, H. Dai, X. Zhang, X. Qin, T. Wang, J. Fang, Synthesis and
insecticidal activity of N-substituted (1,3-thiazole)alkyl sulfoximine
derivatives, J. Agric. Food Chem. 56 (2008) 11356–11360.

[38] H. Yu, Z. Qin, H. Dai, X. Zhang, X. Qin, T. Wang, J. Fang, Synthesis and
insecticidal activity of N-cyano-2-(substituted amino)ethyl methyl
sulfoximine derivatives, ARKIVOC 16 (2008) 99–109.

[39] H. Yu, H. Zhang, J. Fang, B. Li, Synthesis and insecticidal activity of methyl N-
cyano[(benzoyl)[(2-chloro-5-thiazolyl)methyl]amino]ethyl]sulfoximine
derivatives, Nongyaoxue Xuebao 12 (2010) 435–439.

[40] V.L. Salgado, B. London, R. Paulini, N.B. Rankl, X. Zhao. Selective actions of
insecticides on nicotinic receptor subtypes. 244th Annual meeting of the
American Chemical Society, Oral presentation #211, August 22, 2012.

[41] T. Perry, J.Q. Chan, P. Batterham, G.B. Watson, C. Geng, T.C. Sparks, Effects of
mutations in Drosophila nicotinic acetylcholine receptor subunits on
sensitivity to insecticides targeting nicotinic acetylcholine receptors, Pestic.
Biochem. Physiol. 102 (2012) 56–60.

[42] C. Longhurst, J.M. Babcock, I. Denholm, K. Gorman, J.D. Thomas, T.C. Sparks,
Cross-resistance relationships of the sulfoximine insecticide sulfoxaflor with
neonicotinds and other insecticides in the whiteflies Bemisia tabaci
andTrialeurodes vaporaiorum, Pest Manag. Sci. 69 (2013) 809–813.

[43] I. Gore, D. Cook, A. Catchot, B.R. Leonard, S.D. Stewart, G. Lorenz, D. Kerns, K.
Gorman, I. Denholm, S. Morin, Cotton aphid (Heteroptera: Aphididae)
susceptibility to commercial and experimental insecticides in the Southern
United States, J. Econ. Entomol 106 (2013) 1430–1439.

[44] I. Karunker, J. Benting, B. Lueke, T. Ponge, R. Nauen, E. Roditakis, J. Vontas, K.
Gorman, I. Denholm, S. Morin, Over-expression of cytochrome P450 CYP6M1 is
associated with high resistance to imidacloprid in the B and Q biotypes of
Bemisia tabaci (Hemiptera: Aleyrodidae), Insect Biochem. Mol. Biol. 38 (2008)
634–644.

[45] D. Philippou, L. Field, G. Moores, Metabolic enzyme(s) confer imidacloprid
resistance in a clone of Myzus persicae (Sulzer) (Hemiptera: Aphididae) from
Greece, Pest Manag. Sci. 66 (2009) 390–395.
[46] Y. Wen, Z. Liu, H. Bao, Z.Z. Han, Imidacloprid resistance and its mechanisms in
field populations of brown planthopper, Nilaparvata lugens Stål in China,
Pestic. Biochem. Physiol. 94 (2009) 36–42.

[47] M.D.K. Markussen, M. Kristensen, Cytochrome P450 monooxygenase-
mediated neonicotinic resistance in the house fly Musca domestica L, Pestic.
Biochem. Physiol. 98 (2010) 50–58.

[48] A.M. Puinean, S.P. Foster, L. Oliphant, I. Denholm, L.M. Field, N.S. Millar, M.S.
Williamson, C. Bass, Amplification of a cytochrome P450 gene is associated
with resistance to neonicotinoid insecticides in the aphid Myzus persicae, PLoS
Genet. 6 (2010) e1000999.

[49] E. Roditakis, M. Grispou, E. Morou, J.B. Kristoffersen, N. Roditakis, R. Nauen, J.
Vontas, A. Tsagkarakou, Current status of insecticide resistance in Q biotype
Bemisia tabaci populations from Crete, Pest Manag. Sci. 65 (2008) 313–322.

[50] E. Roditakis, E. Morou, A. Tsagkarakou, M. Riga, R. Nauen, M. Paine, S. Morin, J.
Vontas, Assessment of the Bemisia tabaci CYP6CM1vQ transcript and protein
levels in laboratory and field-derived imidacloprid-resistant insects and cross-
metabolism potential of the recombinant enzyme, Insect Sci. 18 (2011) 23–29.

[51] R.T. Jones, S.E. Bakker, D. Stone, S.N. Shuttleworth, S. Boundy, C. McCart, P.J.
Daborn, R.H. ffrench-Constant, J.M.H. van den Elsen, Homology modeling of
Drosophila cytochrome P450 enzymes associated with insecticide resistance,
Pest Manag. Sci. 66 (2010) 1106–1115.

[52] C. Bass, A.M. Puinean, M. Andrews, P. Cutler, M. Daniels, J. Elias, V.L. Paul, A.
Crossthwaite, I. Denholm, L.M. Field, S.P. Foster, R. Lind, M.S. Williamson, R.
Slater, Mutation of a nicotinic acetylcholine receptor b subunit is associated
with resistance to neonicotinoid insecticides in the aphid Myzus persicae, BMC
Neurosci. 12 (51) (2011) 11.

[53] J.L. Kim, M. Kwon, J.D. Shim, J.S. Kim, Y.G. Lee, S.Y. Kim, S.H. Lee, R81T mutation
in nAChR associated with imidacloprid resistance in the cotton aphid, Aphis
gossypii (Hemiptera: Aphididae), Annual Meeting of the Korean Society of
Applied Entomology, (2012) 71 (abstract 0045).

[54] X.G. Shi, Y.K. Zhu, X.M. Xai, K. Qiao, H.Y. Wang, K.Y. Wang, The mutation in
nicotinic acetylcholine receptor b1 subunit may confer resistance to
imidacloprid in Aphis gossypii (Glover), J. Food Agric. Environ. 10 (2010)
1227–1230.

[55] M.W. Siebert, J.D. Thomas, S.P. Nolting, B.R. Leonard, J. Gore, A. Catchot, G.M.
Lorenz, S.D. Stewart, D.R. Cook, L.C. Walton, R.B. Lassiter, R.A. Haygood, J.D.
Siebert, Field evaluations of sulfoxaflor, a novel insecticide, against tarnished
plant bug (Hemiptera: Miridae) in cotton, J. Cotton Sci. 16 (2012) 129–143.

[56] J.X. Huang, R.B. Rogers, N. Orr, T.C. Sparks, J.M. Gifford, M.R. Loso, Y. Zhu, T.
Meade, A method to control insects resistant to common insecticides, PCT Int.
Appl., 2007, pp 53 (WO 2007/149134 A1).

[57] J.D. Thomas, G.B. Watson, G. DeBoer, J. Hasler, M.R. Loso, J.M. Babcock, N.
Wang, T.C. Sparks. Sulfoxaflor – mode of action and basis for efficacy on
resistant insects. in: 3th International Lygus Symposium, Scottsdate AZ, USA,
October 28–31, 2012, Poster presentation.

[58] R. Slater, V.L. Paul, M. Andrews, M. Garbay, P. Camblin, Identifying the
presence of neonicotinoid-resistant peach-potato aphid (Myzus persicae) in the
peach-growing regions of Southern France and Spain, Pest Manag. Sci. 68
(2012) 634–638.

http://refhub.elsevier.com/S0048-3575(13)00098-9/h0115
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0115
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0115
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0205
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0205
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0205
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0120
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0120
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0120
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0125
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0125
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0125
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0125
http://refhub.elsevier.com/S0048-3575(13)00098-9/h9930
http://refhub.elsevier.com/S0048-3575(13)00098-9/h9930
http://refhub.elsevier.com/S0048-3575(13)00098-9/h9930
http://refhub.elsevier.com/S0048-3575(13)00098-9/h9930
http://refhub.elsevier.com/S0048-3575(13)00098-9/h9130
http://refhub.elsevier.com/S0048-3575(13)00098-9/h9130
http://refhub.elsevier.com/S0048-3575(13)00098-9/h9130
http://refhub.elsevier.com/S0048-3575(13)00098-9/h9130
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0130
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0130
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0130
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0130
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0130
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0135
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0135
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0135
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0140
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0140
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0140
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0145
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0145
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0145
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0150
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0150
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0150
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0150
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0155
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0155
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0155
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0160
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0160
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0160
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0160
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0165
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0165
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0165
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0165
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0210
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0210
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0210
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0210
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0210
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0170
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0170
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0170
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0170
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0175
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0175
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0175
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0175
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0180
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0180
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0180
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0180
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0185
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0185
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0185
http://refhub.elsevier.com/S0048-3575(13)00098-9/h0185

	Sulfoxaflor and the sulfoximine insecticides: Chemistry, mode of action and basis for efficacy on resistant insects
	1 Introduction
	2 Chemistry
	2.1 Discovery
	2.2 Sulfoximines: distinct from the neonicotinoids
	2.3 Sulfoximine analogs

	3 Mode of action
	4 Cross-resistance and differential metabolism
	5 Cross-resistance and insecticide resistance management
	6 Conclusions
	Acknowledgment
	References


