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Role of dispersal in resistance evolution and spread
Abstract

Gene flow via immigration affects rate of evolution of resistance to a pest management tactic, while emigration
from a resistant population can spread resistance alleles spatially. Whether resistance detected across the
landscape reflects ongoing de novo evolution in different hotspots or spread from a single focal population can
determine the most effective mitigation strategy. Pest dispersal dynamics determine the spatio-temporal scale
at which mitigation tactics must be applied to contain or reverse resistance in an area. Independent evolution
of resistance in different populations appears common but not universal. Conversely, spatial spread appears to
be almost inevitable. However, rate and scale of spread depends largely on dispersal dynamics and interplay
with factors such as fitness costs, spatially variable selection pressure and whether resistance alleles are
spreading through an established population or being carried by populations colonizing new territory.
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ScienceDirect
Role of dispersal in resistance evolution and spread
Nicholas J Miller1 and Thomas W Sappington2
Gene flow via immigration affects rate of evolution of resistance
to a pest management tactic, while emigration from a resistant
population can spread resistance alleles spatially. Whether
resistance detected across the landscape reflects ongoing de
novo evolution in different hotspots or spread from a single
focal population can determine the most effective mitigation
strategy. Pest dispersal dynamics determine the spatiotemporal scale at which mitigation tactics must be applied to
contain or reverse resistance in an area. Independent evolution
of resistance in different populations appears common but not
universal. Conversely, spatial spread appears to be almost
inevitable. However, rate and scale of spread depends largely
on dispersal dynamics and interplay with factors such as
fitness costs, spatially variable selection pressure and whether
resistance alleles are spreading through an established
population or being carried by populations colonizing new
territory.

resistance allele frequency and thus increases the rate of
resistance evolution in that population. Immigration in
one population presupposes emigration from another, and
the rate of emigration of individuals from a resistant
source population affects the rate of resistance spread
in the landscape (Figure 1). The relative roles of de novo
resistance evolution vs. subsequent spread can be of great
practical importance because it determines the most
appropriate mitigation strategy to be employed. The
spatial scale at which mitigation tactics must be applied
within the larger landscape to contain or reverse resistance that has evolved in a local ‘hotspot’ depends on
dispersal dynamics of the species. As critical as these rates
of inflow and outflow are to all aspects of insect resistance
management (IRM), they are poorly understood for most
species. Accordingly, the complex dynamics of resistance
evolution and spread are likewise difficult to characterize.
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A distinction can be made between dispersal that moves
resistance genes between existing populations by gene
flow, and dispersal that moves resistance genes into new
territory as the insect colonizes previously unoccupied
habitat. The first involves a process that can be likened to
an invasion of resistance alleles into parts of the larger
metapopulation that originally had none. The second,
colonization of new habitat by insects carrying resistance
alleles conflates the spatial invasion of alleles via gene
flow with the genetic consequences associated with geographic invasion by a species, such as bottlenecks. The
evolutionary ecological outcomes of both processes can be
quite interesting.
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Case study: Culex pipiens resistance allele clines

Introduction
Insect dispersal plays a pivotal role in both the evolution
of resistance to an insecticide or other management tactic
at a location, and in the rate and pattern of its spatial
spread [1,2]. Dispersal by individual insects is the fundamental process by which resistance genes move across a
landscape. Consider a population where resistant individuals are favored by local selection. At its simplest level,
immigration of susceptible individuals decreases the
frequency of resistance alleles in the receiving population
and thus slows the local rate of resistance evolution.
Conversely, immigration of resistant individuals increases
Current Opinion in Insect Science 2017, 21:68–74

An especially well studied case of the spatial and temporal
distribution of resistance alleles in established
populations comes from the mosquito Culex pipiens in
the south of France [3–6]. In this case, the dynamics of
resistance were studied at a small geographical scale
relative to dispersal distances. Consequently, alleles have
usually been observed at migration-selection equilibrium.
In this region there is an annual program of mosquito
control whereby breeding sites within approximately
20 km of the Mediterranean coast are treated with
insecticides every breeding season. This program relied
heavily on organophosphate insecticides (OPs) until the
mid 2000s, when they were replaced with Bacillus
thuringiensis. Resistance by southern French populations
of C. pipiens to OPs involves both mutations that render
the OP target, acetyl cholinesterase, less sensitive to the
insecticide, and that increase expression of detoxifying
www.sciencedirect.com
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Figure 1
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Schematic conceptualization of the effects of rate of migration from (a) a hotspot of resistance, or (b) a wild-type susceptible population, into
receiving populations of high or low selection for resistance on relative rates of increase in resistance allele frequency (R freq) over time
(generations). The dashed arc indicates the region around the resistance hotspot within which mitigation tactics must be implemented to slow the
spread of resistance alleles through the larger landscape. Determining the spatial scale at which mitigation will effectively contain spread of
resistance from a hotspot depends in part on the insect’s dispersal rate and distance, and on spatial variation in selection pressure across the
landscape. In practice, this scale can be very difficult to determine. If it extends beyond the dimensions of a farm, implementation of coordinated
mitigation tactics by growers across an area may be necessary, with all the difficulties that implies. Thus, rapid implementation of mitigation
around a still-localized hotspot offers the best hope of containment (see Andow et al. [22] for discussion in the case of D. v. virgifera).

esterases that degrade the insecticide. Both forms of
resistance entail significant fitness costs in the absence
of insecticide. The interplay of gene flow mediated by
mosquito dispersal, selection for resistance near the coast,
and fitness costs further inland produces clines in
resistance allele frequencies. A joint analysis of the clines
in target-site insensitivity and esterase overproduction
produced an estimate of the standard deviation in
parent-offspring dispersal of 6.6 km [3]. This rate of
dispersal was sufficient to rapidly reestablish selectionmigration equilibrium each year at both loci [4]. In the
case of the Ester locus in southern France, the Ester2[67_TD$IF]
resistance allele increased in frequency between 1999 and
2002 but did not replace Ester4 despite a higher level of
resistance, because it also imposed a higher fitness cost in
the absence of insecticide [5]. After the use of OPs was
discontinued in 2007, the Ester2 allele was rapidly lost
from the population. The Ester4 allele persisted but the
cline in Ester4 frequency, while still significant, flattened
markedly [6], presumably due to a combination of
reduced selection at the coast and gene flow between
the coast and inland.
www.sciencedirect.com

Case study: spread of Diabrotica virgifera virgifera
rotation resistance

Resistance to crop rotation in the western corn rootworm,
Diabrotica virgifera virgifera, provided an opportunity to
observe resistance spreading over a wide area as it
occurred. Thus, the spatiotemporal dynamics of
resistance were observed at a much larger geographical
scale relative to adult dispersal distance than in the case of
C. pipiens described above, so that alleles were not at
migration-selection equilibrium during their years-long
invasion of the surrounding metapopulation. The basic
biology and history of adaptation to crop rotation by D. v.
virgifera was comprehensively reviewed by Gray et al. [7].
Resistance to crop rotation is almost certainly based on a
reduced preference for cornfields by females as oviposition sites. Thus in landscapes dominated by corn-soybean
rotated crop fields, eggs (the overwintering stage) laid
outside of corn have a better chance of hatching in a
cornfield the following year than those that were laid in
corn. In contrast to OP resistance in C. pipiens, the precise
genetic basis of adaptation to crop rotation is not known.
Recent research has focused on adaptations that allow
Current Opinion in Insect Science 2017, 21:68–74
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rotation resistant adult D. v. virgifera to cope with feeding
on soybean foliage defended by plant protease inhibitors.
Rotation resistant D. v. virgifera have elevated capthepsin-L protease activity, compared to wild-type beetles [8].
This difference is related to differences in the gut flora of
rotation resistant and susceptible beetles [9] which, in
turn, may be related to differences in the expression of
antimicrobial and immune-related genes [10,11]. It is
currently unknown if these differences are part of the
proximate mechanism of resistance to crop rotation or,
more likely, a secondary adaptation improving fitness of
beetles that encounter more soybean in their environment due to their decreased fidelity to cornfields.
Adaptation to crop rotation spread steadily from the
original 1987 focus in Piper County, Illinois over the
subsequent two decades. By 2007 populations throughout
most of Illinois and neighboring Indiana were adapted to
crop rotation, as were some populations in adjacent states.
Little to no general genetic differentiation was observed
between rotation resistant populations and surrounding
susceptible populations [12,13]. This, in combination
with the observed pattern of spread suggests that
resistance to crop rotation moved across the landscape
as a result of gene flow among established populations.
Resistance to crop rotation apparently ceased to spread
about a decade ago, after most of the region in which cornsoybean rotation is extremely common was occupied.
Ovipositing in non-corn environments becomes more
costly as the probability that such environments will be
rotated to corn the following year declines. Furthermore,
the advantage of the host-selective wild type behavior
increases as the presence of corn becomes a more reliable
indicator that corn will be present the following year (i.e.,
continuous planting). Simulation studies suggest that the
evolution and spread of this adaptation is impeded by
increasing diversity of vegetation in the landscape [14,15].
A decrease in crop diversity in favor of continuously
planted corn could be enough to impede spread of rotation resistance.
In recent years, the region in which rotation resistance is a
problem appears to have receded (e.g., [16]). This may be
related to the commercialization of rootworm-targeting
transgenic corn expressing various insecticidal proteins
derived from Bacillus thuringiensis (Bt). Growers tend to
plant rootworm Bt corn even in rotated fields, either to
protect against rotation resistant populations, or because
elite high-yielding non-Bt hybrids are difficult to obtain
[17]. This practice reduces the selective advantage to
rotation resistant phenotypes in rotated fields, because
mortality is as high as among susceptible phenotypes
ovipositing in non-rotated Bt corn [18]. Modeling
indicates that the prevalence of rotation resistance in
the landscape can even decrease if growers plant Bt corn
more frequently in rotated fields than continuous fields
[19].
Current Opinion in Insect Science 2017, 21:68–74

Box 1 Larval dispersal, premating adult dispersal, and efficacy of
Bt refuge configurations.
The most common type of proactive IRM strategy for Bt crops
involves planting a non-Bt variety – the ‘refuge’ – as a nursery of
susceptible insects. Refuges are often planted as blocks or strips of
the required spatial dimensions in or near the larger Bt fields. A
recent trend in some crop systems is to mix the requisite percentage
of non-Bt refuge seed in a bag with the Bt seed. There is ongoing
concern about the effectiveness of this blended refuge strategy in
slowing resistance evolution. Larval dispersal between Bt and non-Bt
plants can result in a sublethal dose, promoting differential survival of
heterozygotes over homozygous susceptible larvae, thus accelerating accumulation of resistance alleles in the population. Models
generally affirm that larval dispersal leads to faster evolution of
resistance in a blended than in a block refuge system [17,50], unless
substantial (but, unfortunately, realistic) grower noncompliance is
included for the latter [51]. Recent research indicates that larval
movement in several lepidopteran pest species is a threat to the
blended refuge strategy [52–54]. Although less extensive than
lepidopteran caterpillars, dispersal rate of subterranean rootworm
larvae between adjacent plants is high enough [55] to potentially
compromise a blended refuge strategy, as observed in laboratory
evolution experiments [56]. However, in the case of D. v. virgifera, a
blended refuge has the possible offsetting advantage of promoting
mating of refuge adults with adults emerging from Bt plants. Most D.
v. virgifera females mate near their natal plant, which can increase
assortative mating among beetles emerging within Bt and refuge
blocks, thus compromising the block refuge strategy [22,57].
Improved mixing of resistant and susceptible adults is often
considered an advantage of blended refuge, which can be true for
other species with limited premating dispersal [58], such as
L. decemlineata [24]. But the argument of improved mixing of
adults in a blended refuge field does not apply to species where
significant dispersal from the natal plant occurs before mating. For
example, young European corn borer, Ostrinia nubilalis, females
disperse long distances before mating [59], a behavior common
among many Lepidoptera, especially migratory species.

Understanding the evolutionary dynamics of rotation
resistance in D. v. virgifera is important because crop
rotation is the favored tactic for mitigating the emerging
problem of resistance to Bt corn [20,21]. How fast and
how far Bt resistance may spread is of concern to farmers
who must manage the risk of crop losses caused by a
product that could start to fail. Mitigation tactics are most
effective while resistance is still spatially localized
[22,23]. For monophagous or oligophagous insects with
low premating dispersal, like D. v. virgifera and the
Colorado potato beetle, Leptinotarsa decemlineata, crop
rotation can be an excellent tactic to both limit spread
of a resistance allele and lower its frequency in situ
[22,24]. Rate of premating dispersal also impacts
efficacy of various types of IRM refuges (Box 1).

Spread of resistance during species invasion
or range expansion
When insects disperse into new territory, their initial
population sizes are often small. Species introduced into
an entirely new territory can experience severe
bottlenecks [25,26], as can ‘pioneer’ populations of a
species that is expanding its existing range [27]. Small
www.sciencedirect.com
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populations at the front of a range expansion can result in
‘gene surfing’, whereby rare alleles and/or new mutations
are catapulted to high frequency by drift at the front and
are then carried forward as the front moves, generating
allele frequency clines [28,29]. Even mildly deleterious
alleles can surf to high frequency [30], presumably
including resistance alleles with moderate fitness costs.
D. v. virgifera and L. decemlineata, two chrysomelid pests
notorious for evolving resistance, have undergone both
range expansions and introductions to new continents.
For both species, the likely ancestral range was in Mexico,
but significant pest populations first arose in the Plains
regions of Nebraska and Kansas, followed by eastward
expansion across the United States and Canada. Both
species were also subsequently introduced into Europe.
Resistance to cyclodienes in D. v. virgifera is due to a
mutation in the target gamma-amino butyric acid receptor
gene, which exhibits a cline of increasing frequency
toward the east coast of the United States [31]. This is
surprising given that cyclodienes were withdrawn from
use over a decade before the species reached the east
coast and may represent an example of gene surfing [31].
Unlike populations in the United States, introduced
European populations of D. v. virgifera are uniformly
resistant to cyclodienes and susceptible to organophosphates [32]. Neither class of insecticide has been used
extensively to control D. v. virgifera in Europe, so the
current pattern of insecticide resistance there is probably
a consequence of the North American populations that
acted as the sources for introductions in Europe and
bottlenecks during the introduction process [32]. The
frequencies of an organophospate resistance allele in
L. decemlineata show a surprising spatial distribution.
The allele is fixed in ancestral Mexican populations, is
at high frequency (0.95) in US populations, and is
variable, but lower on average, in Europe [33]. This
suggests that the species may have been preadapted to
organophosphates but lost resistance alleles during
bottlenecks upon introduction to Europe.

Increased resistance incidence across space:
spread or independent evolution?
There is often uncertainty in the extent to which
resistance evolves independently or spreads from a single
source. Modeling indicates that the spatial scale over
which resistance evolves depends in large part on the
interplay between insect dispersal rate and the availability of refuge habitat in the landscape [60]. Multiple lines
of evidence make it clear that D. v. virgifera resistance to
various Bt toxins is evolving quickly and independently in
local hotspots across a wide area [20,34,35]. Nevertheless,
post-mating dispersal of D. v. virgifera can be extensive
[36], and spatial spread from hotspots seems inevitable
[22[70_TD$IF]]. Evidence suggests resistance spread from an
unknown distance to fields in Iowa where damage to
Cry34/35 Bt corn was detected [21]. The spatial
www.sciencedirect.com

dimensions over which mitigation tactics must be
employed to contain or eliminate a hotspot depends on
a better understanding of long-range dispersal in this
species, an area of active research [23].
Codling moth, Cydia pomonella, dispersal seems to be
mostly local, but with capacity for long-distance flights
[37], causing uncertainty in whether regional variation in
insecticide resistance is the result of independent
evolution or spread [38]; most likely both processes are
involved. Widespread resistance of B. fusca to Cry1Ab Bt
corn developed rapidly after the crop’s introduction to
South Africa, and was assumed to have evolved independently in different locations for widespread agronomic
and refuge non-compliance reasons [39]. But, as
explained by Peterson et al. [40], this is a pest with high
dispersal capacity, and resistance could have spread
quickly from a single location, especially given it is not
a recessive trait. Population genetics analyses suggest that
both phenomena are at work [41]. Even in extreme cases,
such as independent evolution of pyrethroid resistance in
the Chagas’ disease vector, Triatoma infestans, at a
micro-scale – for example, between neighboring
dwellings – local spread from a focal point also seems
to occur [42].
S. frugiperda is a complicated case where the relative roles
of spread of Bt resistance by migration or independent
evolution in hotspots remains uncertain. Cry1F resistance
was detected in Puerto Rico in 2006 [43], and has since
been found in Brazil [44] and parts of Florida [45].
S. frugiperda is a strong migrant, and the spread of Cry1F
resistance from Puerto Rico to Florida by dispersing
adults is possible. On the other hand, recent susceptibility
surveys suggest resistance in different areas of Florida
may be of independent evolutionary origin [46,47].
Resistance alleles were detected at low frequency in
North Carolina, which receives annual migrants from
Florida [48]. Population genetic and atmospheric
trajectory analyses have effectively ruled out a Caribbean
origin of the Cry1F resistance found in Brazil [49].
Overall, theory and available data suggest that spatial
and temporal distribution of resistance alleles differs
depending on whether insect dispersal is spreading them
among established populations or into new territory.
In the former case, deterministic processes driven by
selection, fitness costs and dominance appear to be
central, whereas in the latter case, stochastic processes
play a key role. One could argue that annual colonization
of an agricultural field, or colonization by refuge insects
of a Bt field cleared of conspecifics by the toxin, are cases
of invasion on an accelerated temporal and micro-spatial
scale. This seems analogous to the situation with
C. pipiens mosquitos in southern France, where
resistance alleles annually come to migration-selection
equilibrium at a small geographic scale relative to
Current Opinion in Insect Science 2017, 21:68–74

72 –>Pests and resistance

individual dispersal distances. Comparing the
dynamics of resistance evolution or spread in the case
of classical invasion versus annual colonization of crops
could be instructive for both. Large scale planting of
Bt crops in concert with refuges to try and manage
resistance evolution offers an exceptional opportunity
to conduct such studies in a number of pest-crop
systems.
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fitness to long-term environmental variations in natura. Mol.
Ecol. 2016, 25:5483-5499.

7.

Gray ME, Sappington TW, Miller NJ, Moeser J, Bohn MO:
Adaptation and invasiveness of western corn rootworm:
intensifying research on an a worsening pest. Annu. Rev.
Entomol. 2009, 54:303-321.

8.

Curzi MJ, Zavala JA, Spencer JL, Seufferheld MJ: Abnormally
high digestive enzyme activity and gene expression explain
the contemporary evolution of a Diabrotica biotype able to
feed on soybeans. Ecol. Evol. 2012, 2:2005-2017.

9.

Chu C-C, Spencer JL, Curzi MJ, Zavala JA, Seufferheld MJ: Gut
bacteria facilitate adaptation to crop rotation in the western
corn rootworm. Proc. Natl. Acad. Sci. 2013, 110:11917-11922.

10. Knolhoff LM, Walden KKO, Ratcliffe ST, Onstad DW,
Robertson HM: Microarray analysis yields candidate markers
for rotation resistance in the western corn rootworm beetle,
Diabrotica virgifera virgifera. Evol. Appl. 2010, 3:17-27.
11. Chu C-C, Zavala JA, Spencer JL, Curzi MJ, Fields CJ, Drnevich J,
Siegfried BD, Seufferheld MJ: Patterns of differential gene
expression in adult rotation-resistant and wild-type western
corn rootworm digestive tracts. Evol. Appl. 2015, 8:692-704.
12. Miller NJ, Kim KS, Ratcliffe ST, Estoup A, Bourguet D,
Guillemaud T: Absence of genetic divergence between western
corn rootworms (Coleoptera: Chrysomelidae) resistant and
susceptible to control by crop rotation. J. Econ. Entomol. 2006,
99:685-690.
13. Miller NJ, Ciosi M, Sappington TW, Ratcliffe ST, Spencer JL,
Guillemaud T: Genome scan of Diabrotica virgifera virgifera for
genetic variation associated with crop rotation tolerance. J.
Appl. Entomol. 2007, 131:378-385.
14. Onstad DW, Spencer JL, Guse CA, Levine E, Isard SA: Modeling
evolution of behavioral resistance by an insect to crop
rotation. Entomol. Exp. Appl. 2001, 100:195-201.
Current Opinion in Insect Science 2017, 21:68–74

15. Onstad DW, Crowder DW, Isard SA, Levine E, Spencer JL,
O’Neal ME, Ratcliffe ST, Gray ME, Bledsoe LW, DiFonzo C et al.:
Does landscape diversity slow the spread of rotation-resistant
western corn rootworm (Coleoptera: Chrysomelidae)?
Environ. Entomol. 2003, 32:992-1001.
16. Dunbar MW, Gassmann AJ: Abundance and distribution of
western and northern corn rootworm (Diabrotica spp.) and
prevalence of rotation resistance in eastern Iowa. J. Econ.
Entomol. 2013, 106:168-180.
17. Onstad DW, Mitchell PD, Hurley TM, Lundgren JG, Porter RP,
Krupke CH, Spencer JL, DiFonzo CD, Baute TS, Hellmich RL et al.:
Seeds of change: corn seed mixtures for resistance
management and integrated pest management. J. Econ.
Entomol. 2011, 104:343-352.
18. Tinsley NA, Spencer JL, Estes RE, Prasifka JR, Schrader PM,

French BW, Gray ME: Larval mortality and development for
rotation-resistant and rotation-susceptible populations of
western corn rootworm on Bt corn. J. Appl. Entomol. 2015,
139:46-54.
Demonstrates that mortality of rotation resistant and wild type susceptible D. v. virgifera larvae are equally susceptible to Cry3Bb1 and Cry34/
35Ab1 Bt toxins, singly and when pyramided. This key finding supports
the idea that the halt of geographic spread, and indeed apparent reversal,
of rotation resistance was caused partly or wholly by high adoption of Bt
corn for rotated fields.
19. Crowder DW, Onstad DW, Gray ME, Pierce CMF, Hager AG,
Ratcliffe ST, Steffey KL: Analysis of the dynamics of adaptation
to transgenic corn and crop rotation by western corn
rootworm (Coleoptera: Chrysomelidae) using a daily time-step
model. J. Econ. Entomol. 2005, 98:534-551.
20. Gassmann AJ, Petzold-Maxwell JL, Clifton EH, Dunbar MW,
Hoffmann AM, Ingber DA, Keweshan RS: Field-evolved
resistance by western corn rootworm to multiple Bacillus
thuringiensis toxins in transgenic maize. Proc. Natl. Acad. Sci.
2014 http://dx.doi.org/10.1073/pnas.1317179111.
21. Gassmann AJ, Shrestha RB, Jakka SRK, Dunbar MW, Clifton EH,
Paolino AR, Ingber DA, French BW, Masloski KE, Dounda JW et al.:
Evidence of resistance to Cry34/35 Ab1 corn by western corn
rootworm (Coleoptera: Chrysomelidae): root injury in the field
and larval survival in plant-based bioassays. J. Econ. Entomol.
2016, 109:1872-1880.
22. Andow DA, Pueppke SG, Schaafsma AW, Gassmann AJ,
 Sappington TW, Meinke LJ, Mitchell PD, Hurley TM, Hellmich RL,
Porter RP: Early detection and mitigation of resistance to Bt
maize by western corn rootworm (Coleoptera:
Chrysomelidae). J. Econ. Entomol. 2016, 109:1-12.
Analyzes the various causes of rapid evolution of resistance in D. v.
virgifera to Bt corn in the field, including evidence for both de novo
evolution and spread from hotspots. Recommends crop rotation as the
most effective tactic for mitigating resistance. Discusses the need to
better understand rootworm dispersal to determine the geographic scale
for implementing mitigation tactics to spatially contain resistance in areas
where it is detected.
23. Martinez JC, Caprio MA: IPM use with the deployment of a non
high dose Bt pyramid and mitigation of resistance for western
corn rootworm (Diabrotica virgifera virgifera). Environ.
Entomol. 2016, 45:747-761.
Model simulations of various tactics to mitigate or spatially contain D. v.
virgifera resistance to Bt corn showed that crop rotation was a very good
option, but must be implemented quickly after resistance develops to be
effective. Also showed that mitigation of a resistance hotspot must
extend spatially beyond the hotspot itself to contain spread by dispersing
insects.
24. Huseth AS, Petersen JD, Poveda K, Szendrei Z, Nault BA,
Kennedy GG, Groves RL: Spatial and temporal potato
intensification drives insecticide resistance in the specialist
herbivore, Leptinotarsa decemlineata. PLoS One 2015, 10:
e0127576.
25. Ciosi M, Miller NJ, Kim KS, Giordano R, Estoup A, Guillemaud T:
Invasion of Europe by the western corn rootworm, Diabrotica
virgifera virgifera: multiple transatlantic introductions with
various reductions of genetic diversity. Mol. Ecol. 2008,
17:3614-3627.

www.sciencedirect.com

Role of dispersal in resistance evolution and spread Miller and Sappington 73

26. Miller NJ, Estoup A, Toepfer S, Bourguet D, Lapchin L, Derridj S,
Kim KS, Reynaud P, Furlan L, Guillemaud T: Multiple
transatlantic introductions of the western corn rootworm.
Science 2005, 310:992.
27. Excoffier L, Ray N: Surfing during population expansions
promotes genetic revolutions and structuration. Trends Ecol.
Evol. 2008, 23:347-351.
28. Hallatschek O, Nelson DR: Gene surfing in expanding
populations. Theor. Popul. Biol. 2008, 73:158-170.
29. Edmonds CA, Lillie AS, Cavalli-Sforza LL: Mutations arising in the
wave front of an expanding population. Proc. Natl. Acad. Sci. U.
S. A. 2004, 101:975-979.
30. Travis JMJ, Münkemüller T, Burton OJ, Best A, Dytham C, Johst K:
Deleterious mutations can surf to high densities on the wave
front of an expanding population. Mol. Biol. Evol. 2007,
24:2334-2343.
31. Wang H, Coates BS, Chen H, Sappington TW, Guillemaud T,
Siegfried BD: Role of a gamma-aminobutryic acid (GABA)
receptor mutation in the evolution and spread of Diabrotica
virgifera virgifera resistance to cyclodiene insecticides. Insect
Mol. Biol. 2013, 22:473-484.
32. Ciosi M, Toepfer S, Li H, Haye T, Kuhlmann U, Wang H, Siegfried B,
Guillemaud T: European populations of Diabrotica virgifera
virgifera are resistant to aldrin, but not to methyl-parathion. J.
Appl. Entomol. 2009, 133:307-314.
33. Piiroinen S, Lindström L, Lyytinen A, Mappes J, Chen YH, Izzo V,
Grapputo A: Pre-invasion history and demography shape the
genetic variation in the insecticide resistance-related
acetylcholinesterase 2 gene in the invasive Colorado potato
beetle. BMC Evol. Biol. 2013, 13:13.
34. Ingber DA, Gassmann AJ: Inheritance and fitness costs of
resistance to Cry3 Bb1 corn by western corn rootworm
(Coleoptera: Chrysomelidae). J. Econ. Entomol. 2015,
108:2421-2432.
35. Wangila DS, Gassmann AJ, Petzold-Maxwell JL, French BW,
Meinke LJ: Susceptibility of Nebraska western corn rootworm
(Coleoptera: Chrysomelidae) populations to Bt corn events. J.
Econ. Entomol. 2015, 108:742-751.
36. Meinke LJ, Sappington TW, Onstad DW, Guillemaud T, Miller NJ,
Komaromi J, Levay N, Furlan L, Kiss J, Toth F: Western corn
rootworm (Diabrotica virgifera virgifera LeConte) population
dynamics. Agric. For. Entomol. 2009, 11:29-46.
37. Margaritopoulos JT, Voudouris CC, Olivares J, Sauphanor B,
Mamuris Z, Tsitsipis JA, Franck P: Dispersal ability in codling
moth: mark-release-recapture experiments and kinship
analysis. Agric. For. Entomol 2012, 14:399-407.
38. Grigg-McGuffin K, Scott IM, Bellerose S, Chouinard G, Cormier D,
Scott-Dupree C: Susceptibility in field populations of codling
moth, Cydia pomonella (L.) (Lepidoptera: Tortricidae), in
Ontario and Quebec apple orchards to a selection of
insecticides. Pest Manag. Sci. 2015, 71:234-242.
39. Kruger M, Van Rensburg JBJ, Van den Berg J: Perspective on the
development of stem borer resistance to Bt maize and refuge
compliance at the Vaalharts irrigation scheme in South Africa.
Crop Prot. 2009, 28:684-689.
40. Peterson B, Bezuidenhout CC, Van den Berg J: Cytochrome c
oxidase I and cytochrome b gene sequences indicate low
genetic diversity in South African Busseola fusca
(Lepidoptera: Noctuidae) from maize. Afr. Entomol. 2016,
24:518-523.
41. Campagne P, Capdevielle-Dulac C, Pasquet R, Cornell SJ,

Kruger M, Silvain J-F, LeRü B, Van den Berg J: Genetic
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