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Abstract

Introduction

1

Earlier population genetic spatial analysis of European corn borer Ostrinia nubilalis
(Hiibner) indicated no genetic differentiation even between locations separated by
720 km. This result suggests either high dispersal resulting in high gene flow or that
populations are not in migration—drift equilibrium subsequent to their invasion of
the central U.S.A. in the 1940s.

To discriminate among these two possibilities, samples were collected at 12 locations
in eight states from New York to Colorado, a geographic scale that is three-
fold greater than previously tested. Eight microsatellite markers were employed
to estimate genetic differentiation and gene flow among these populations, and to
test for isolation-by-distance.

Although pairwise Fgsr estimates were very low, there was a significant isolation-
by-distance relationship.

Wright’s neighbourhood area (i.e. the surface area covered by a panmictic group of
individuals within a larger continuous distribution) was calculated as 433 km?, and
the radius indicates that approximately 13% of O. nubilalis adults disperse a net
distance >12 km per generation from their natal source.

Analyses indicated significant differentiation between the north-eastern region (New
York and Pennsylvania) and the region combining sample locations from Ohio
to Colorado, suggesting the potential for isolation of populations by topographic
barriers in the Northeast.

Taken together, the results suggest that O. nubilalis exhibits substantial gene flow
over long distances and that the lack of genetic differentiation between populations
across hundreds of kilometres is not simply a result of migration—drift disequilibrium
arising from the recent range expansion.

Keywords Dispersal, European corn borer, gene flow, genetic structure, invasive,
landscape, migration, neighbourhood, Ostrinia nubilalis (Lepidoptera: Crambidae),
population genetics.

to invade nearly all corn producing regions of the U.S.A. and

The European corn borer Ostrinia nubilalis (Hiibner) was intro-
duced at least thrice to North America from Europe in the early
20th Century (Caffrey & Worthley, 1927), and then proceeded
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Canada east of the Rocky Mountains (Showers, 1979; Mason
et al., 1996). It is a chronic pest of corn that causes substan-
tial losses on an annual basis in many areas, but it is quite
difficult to control with chemical insecticides because of its
ability to bore into the stalk where it is sheltered from contact
sprays (Mason et al., 1996; Rice & Pilcher, 1998). The intro-
duction of transgenic Bacillus thuringiensis (Bt) corn in the
U.S.A. in 1997 has revolutionized O. nubilalis management,
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providing essentially 100% protection from this pest over the
entire season (Graeber et al., 1999; Ma & Subedi, 2005).

The very high adoption rate of this technology in the
U.S.A. (James, 2010) and the resulting high selection pressure
increases the risk that resistance will evolve in an O. nubilalis
population, followed by geographic spread of the resistance
trait and loss of the yield protection provided by Bt trans-
genic technology (Bravo & Soberén, 2008; Tabashnik et al.,
2008a, b, 2009; Maclntosh, 2009; Lopez et al., 2010). To
slow resistance development, the U.S. Environmental Protec-
tion Agency requires growers to plant a refuge of nonBt corn
serving as a nursery for susceptible moths that would mate with
any resistant moths surviving and emerging from Bt plants
(EPA, 2001; Ives & Andow, 2002; Bravo & Soberén, 2008;
Tabashnik et al., 2008a, 2009). The rate at which resistance,
or any other local adaptation, may develop and spread depends
critically on gene flow (Slatkin, 1987; Caprio & Tabashnik,
1992; Andow, 2002; Manel et al., 2003; Sisterson et al., 2004).
Therefore, to improve the modelling of resistance development
and to forecast the spread of Bt resistant moths so that ratio-
nal control strategies may be implemented if resistance does
arise, it would be useful to understand O. nubilalis disper-
sal behaviour and dispersal distances relative to the location
and timing of mating and oviposition (Dalecky er al., 2006a;
Reardon et al., 2006a; Bailey et al., 2007; Tyutyunov et al.,
2008). Population genetics analyses are useful for examin-
ing patterns of dispersal over even great geographic scales
(Kim et al., 2006; Jiang et al., 2007, 2010; Nagoshi et al.,
2009).

Ostrinia nubilalis is distributed through much of the U.S.
Corn Belt as an essentially continuous population without obvi-
ous environmental barriers to adult movement. Genetic differ-
entiation can take place within a continuous distribution based
on distance alone, depending on effective dispersal distances
of individuals within the population, resulting in a genetic
pattern of isolation-by-distance (Wright, 1943; Slatkin, 1987).
To conceptualize functional populations within a continuous
distribution, Wright (1946) introduced the idea of the neigh-
bourhood. Neighbourhood size is defined as the number of
local individuals within the larger population that interact as
if they are effectively in a panmictic (i.e. random mating) pop-
ulation. The neighbourhood area is the two-dimensional space
occupied by those individuals (Wright, 1946; Slatkin & Barton,
1989; Rousset, 1997; Allendorf & Luikart, 2007). Knowing the
neighbourhood area of O. nubilalis within the larger continuous
distribution is important for determining the most efficient sam-
pling strategy to monitor development of resistance to Bt corn
(Ives & Andow, 2002; Kim et al., 2009) because, conceptu-
ally, it is a measure of the typical distance that genes move per
generation.

Kim efal. (2009) examined genetic variation at eight
microsatellite loci to estimate gene flow along 720-km tran-
sects in the central Corn Belt of the U.S.A, although they
found that, even at these long distances, populations were undif-
ferentiated, and there was no significant isolation-by-distance
pattern. Typically, a lack of genetic differentiation is caused
by high gene flow over the spatial dimensions tested. In the
case of O. nubilalis, however, it might also be caused by a
lack of genetic drift—migration equilibrium among populations

resulting from its westward range expansion across the U.S.A.
several decades ago (Slatkin, 1987; Hutchison & Templeton,
1999). Temporal analyses (Wang & Whitlock, 2003) in four
locations in lowa suggested that high gene flow may best
explain the observed lack of spatial differentiation (Kim et al.,
2009). It is important to conclude which of these two alter-
natives is valid because, if gene flow is as high as suggested
by the previous data, it has important implications for pre-
dicting the rate of geographic spread of resistance. High gene
flow also limits options and time-frames for effective mitiga-
tion measures once resistance is detected, and an awareness of
these limits is essential for realistic planning. Conversely, if the
observed spatial homogeneity of genetic variation is a remnant
signature of the North American invasion event, then reliable
spatial estimates of gene flow will be difficult to obtain at this
stage.

In the present study, we sampled and genotyped O. nubilalis
at a geographic scale (2179 km, maximum), which is approx-
imately three-fold greater than in the previous study. Our
premise is that if genetic differentiation and isolation-by-
distance patterns are not observed at such a large scale, it is
probably because there has been insufficient time subsequent
to the invasion of the continent for distant populations to have
accumulated genetic differences via drift (Slatkin, 1987, 1993;
Wang & Whitlock, 2003). On the other hand, genetic differenti-
ation and a pattern of isolation-by-distance at this larger spatial
scale would support the idea that high gene flow is responsible
for the observed lack of genetic structure at smaller scales rather
than insufficient time for genetic drift to generate differences
(Hutchison & Templeton, 1999; Wang & Whitlock, 2003).
Finding an appropriate geographic scale over which isolation-
by-distance can be detected (Hellberg, 2009) is important for
estimating neighbourhood size, and hence the neighbourhood
area and dispersal distance. In the present study, we calculated
the neighbourhood area of O. nubilalis based on the observed
isolation-by-distance relationship reported across much of its
range in the U.S.A. from Colorado to New York.

Materials and methods
Geographic samples of O. nubilalis

Adult male European corn borers were sampled at 12 sites
from Colorado to New York (Fig. 1). One of the locations, near
Arcadia, Iowa (AIA), was sampled during the second flight in
2006 as part of a previous study (Kim et al., 2009). The col-
lection from Oaks Corners, New York (OCNY), was made in
2008. All other samples were collected during the second flight
in 2007. Temporal analysis in single locations indicated very
little genetic change over two generations (Kim et al., 2009),
and thus the two populations sampled in different years can
be used for the spatial analysis in the present study. Samples
from Illinois, Indiana and Ohio were collected from grassy
adult aggregation sites (Showers et al., 1976; Sappington &
Showers, 1983) with a sweep net. All other locations were sam-
pled with cone-style traps (Reardon et al., 2006b; Kim et al.,
2009), each baited with a Z-race pheromone lure (Trécé Inc.,
Adair, Oklahoma).

© 2011 The Authors
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Figure 1 Geographic locations of Ostrinia nubilalis adult samples. SCO, Sterling, Colorado; YCO, Yuma, Colorado; NPNE, North Platte, Nebraska;
AlA, Arcadia, lowa; MIL, Monmouth, lllinois; WIL, Waterloo, lllinois; WIN, Wanatah, Indiana; FIN, Frankfort, Indiana; CCIN, Columbia City, Indiana; BOH,
Bowersville, Ohio; RPA, Rockspring, Pennsylvania; OCNY, Oaks Corners, New York.

Genotyping

Genomic DNA from individual moths was extracted using the
Puregene Core Kit (Qiagen, Valencia, California) in accor-
dance with the manufacturer’s instructions. Eight European
corn borer microsatellite loci, On-T2, On-T3 and On-T4 from
Kim et al. (2008), and D63, D65, D145, D243 and T81 from
Dalecky et al. (2006b), were selected to infer the population
genetic structure based on low frequencies of null alleles and
deviation from Hardy—Weinberg equilibrium (HWE), adequate
polymorphism, and ease of scoring and multiplexing, as previ-
ously described by Kim ez al. (2009). The microsatellites were
amplified by polymerase chain reaction (PCR) in two separate
multiplex reactions for each insect: multiplex 1: D63, D65,
D145, D243 and T81; multiplex 2: On-T2, OnT-3 and OnT-4.
The loci were amplified from 57 to 60 individuals per popula-
tion (except OCNY, where n = 33) using the Qiagen Multiplex
Kit in accordance with the protocol previously described by
Dalecky et al. (2006a). The PCR fragments were analyzed by
capillary gel electrophoresis and genotypes were determined as
previously described by Kim ef al. (2009). Ambiguous geno-
types were determined by visual inspection. When necessary
(approximately 5% of moths), individual loci were re-amplified
with single primer pairs and re-analyzed to clarify ambiguous
genotypes.

Statistical analysis

Within-population genetic diversity was gauged by allelic
diversity per locus per population, observed heterozygosity

© 2011 The Authors

(H,) and unbiased estimates of expected heterozygosity (Hg)
(Nei, 1987) under Hardy—Weinberg assumptions using the
Microsatellite Toolkit (Park, 2001) and FSTAT, version 2.9.3
(Goudet, 1995). F-statistics (Weir & Cockerham, 1984) and
Rst (Goodman, 1997) for each locus, as well as pairwise Fst
estimates, were calculated by FSTAT, version 2.9.3 (Goudet,
1995); significance values were calculated using a permutation
approach implemented in the same software. A significant dif-
ference between observed and expected heterozygosity results
in a significant Fig value, and may indicate the presence of
null alleles, the Wahlund effect or some other anomaly. Fsr
estimates are potentially in the range 0—1, and are a measure
of how genetically different two populations are at selectively
neutral loci, with an Fgt of 0 indicating that no genetic differ-
entiation has occurred, and a value of 1 indicating that the two
populations share no genotypes in common.

Linkage disequilibrium between locus pairs, and deviation
from HWE for each locus and population were checked by
the exact probability test approach (Guo & Thompson, 1992)
using GENEPOP, version 4.0.6 (Raymond & Rousset, 1995). The
sequential Bonferroni correction was applied when determining
significance in multiple comparisons (Rice, 1989). Excessive
deviation from HWE would indicate violation of the assump-
tions of population genetics analyses such as nonrandom mating
or a lack of selective neutrality.

The possible presence of null alleles was assessed using
MICRO-CHECKER (Van Qosterhout ef al., 2004). Null alleles are
caused by mutations in the flanking region of a microsatellite
locus, resulting in lack of binding by one of the PCR primers
and a consequent lack of amplification of the locus. They are

Agricultural and Forest Entomology © 2011 The Royal Entomological Society, Agricultural and Forest Entomology, doi: 10.1111/j.1461-9563.2011.00533.x
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a problem because non-amplification of one allele in a het-
erozygote results in only one allele being detected and a false
inference that the individual is a homozygote for the allele
that did amplify. Null alleles are especially frequent in Lep-
idoptera (Meglécz et al., 2004; Zhang, 2004). Because most
of the loci and populations appeared to possess a low fre-
quency of null alleles (see Results), all pairwise Fst were
corrected by the ENA (excluding null alleles) procedure of
Chapuis and Estoup (2007) using the FREENA software pack-
age (http://www1.montpellier.inra.fr/URLB/). All values of Fst
reported in the present study are ENA-corrected values, except
where noted.

The software GENALEX, version 6.1 (Peakall & Smouse,
2006) was used to carry out a principal coordinate (PCo) anal-
ysis using the ENA-corrected pairwise Fsr estimates among
O. nubilalis samples and a covariance matrix. A scatter dia-
gram was plotted based on factor scores along the two PCo axes
accounting for the most variation. Such a diagram facilitates
visualization of geometric relationships among O. nubilalis
samples.

Isolation-by-distance (Wright, 1943) was inferred from the
regression of Fst/(1 — Fst) on geographic distance between
all pairs of sample locations. Because the sampling scheme
was closer to one-dimensional (i.e. linear) than two-dimensional
(Fig. 1), untransformed distance (km) was used for regres-
sion rather than the logarithm of distance, as recommended by
Rousset (1997). The relationship between matrices for two vari-
ables, and the probability that there is no relationship based on
9999 permutations of samples, were calculated using the Matrix
Comparison option in NTSYSPC, version 1.70 (Rohlf, 1992).

On the basis of the results of the PCo analysis, the 12
locations we sampled were divided into two regions: (i) north-
eastern, consisting of Rockspring, Pennsylvania (RPA) and
Oaks Corners, New York (OCNY), and (ii) central-western,
consisting of the remaining ten sites from Ohio to Colorado.
Analysis of molecular variance (AMOVA) for the hierarchical
partitioning of genetic variation among populations and regions,
and calculation of regional F-statistics (Frr, Fsr, Fst, Fis and
Fir) and their significance using the permutation approach,
were carried out using the programme GENALEX (Peakall &
Smouse, 2006). An AMOVA provides an estimate of the pro-
portion of genetic diversity within and between populations,
or among groups of populations that are categorized based on
criteria such as region.

Neighbourhood size is given by 47 Do, where D is popula-
tion density and o2 is the one-way variance in parent—offspring
dispersal distance (Wright, 1946; Slatkin & Barton, 1989;
Rousset, 1997; Sumner ef al., 2001; Manel et al., 2003). This
value (47 Do?) can be estimated from an isolation-by-distance
relationship as the inverse of the slope of pairwise genetic dif-
ferences [expressed as Fst/(1 — Fst)] regressed on pairwise
geographic distances (Slatkin & Barton, 1989; Rousset, 1997,
2000; Cabe et al., 2007). Neighbourhood area is given by 470>
and represents the area of a circle anywhere within which the
parents of a zygote could have been drawn at random from a
panmictic population (Endler, 1979; Allendorf & Luikart, 2007;
Ishida, 2009). Thus, neighbourhood area reflects variation in
net dispersal distances of individuals from their natal source
(King & Murtaugh, 1997). Wright’s neighbourhood area circle

contains 86.5% of individuals dispersing from its centre per
generation, and its radius is 20 (Wright, 1946; Boshier et al.,
1995; King & Murtaugh, 1997; Kitamura et al., 2008). There-
fore, the radius, which represents a measure of gene flow, can
be calculated from an estimate of 47 Do? if an independent
demographic estimate of D can be obtained (Rousset, 1997;
Sumner et al., 2001).

Density of O. nubilalis adults per km?> was calculated from
flush sample data for the first flight of 2004 in Marshall
County, lowa, as reported in table 3 of Sappington (2005).
The data were collected from grassy roadside ditches, where
moths preferentially aggregate during the day (Showers et al.,
1976; Sappington & Showers, 1983), and were segregated by
the presence of corn on one, both, or neither side of the road.
To obtain an estimate of the mean density of moths, the data for
these categories were adjusted for the proportion of farmland
acres planted to corn (0.427) in Marshall County (http://www.
city-data.com/county/Marshall_County-IA.html) and summed,
yielding an estimate of 37 moths per 100 m of roadside ditch
(assuming typical 3-m wide ditches). In much of rural Iowa,
farmland is laid out in 1-mile? (1.609-km?) grid-like sections,
with roads (and accompanying ditches) on each of the four
sides. Under the simplifying assumption that the density of
adult O. nubilalis is represented adequately by those found in
the grass around these sections, we calculated a mean of 919
adults per km?. Some moths aggregate in grass in fencerows
and waterways within the sections, and a small proportion may
remain in the cornfield itself as well, so that any calculations
made under this assumption will tend to underestimate the
true number of total moths per km?2. On the other hand, not
all parts of all ditches are equally suitable for adult habita-
tion. Although sample locations were chosen without previous
information being available on moth abundance, stretches of
ditch with a habitat clearly unsuitable for adults were avoided
(Sappington, 2005). Thus, the number of moths per linear km
of ditch observed in the flush samples probably overestimates
the true density along the entire length of the ditches. Given
these caveats, the estimate of density in the present study is
imprecise, although probably not unreasonable.

Results
Allele frequency and within-population diversity

A total of 86 alleles across eight microsatellite loci were
observed for 682 O. nubilalis individuals from the 12 locations
sampled (Table 1). The number of alleles per locus ranged from
7 in On-T2 to 18 in T81 (mean 10.8). Fourteen of 86 alleles
were unique to a single location. Most of the unique alleles were
observed in north-eastern sites: seven in Rockspring, Pennsyl-
vania (RPA) and four in Oaks Corners, New York (OCNY).
However, all unique alleles occurred at very low frequencies
(<0.025), except one On-T2 allele found only in Oaks Corners,
New York (OCNY) that was sampled at a frequency of 0.061.
There was no evidence of linkage disequilibrium between any
loci within or across populations (data not shown).

Mean frequencies of null alleles for each locus ranged
from 0.000 for D243 to 0.109 for On-T4 (Table 1). Reduction
in observed heterozygosity from the expected heterozygosity

© 2011 The Authors
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Table 1 Characteristics of each microsatellite locus for 12 geographic O. nubilalis samples from the U.S.A., including total number of alleles, mean
estimated frequency of null alleles and estimates of F-statistics (Fis, Fit and Fst) and Rst

Number of Mean =+ SD estimated

Locus total alleles frequency of null alleles? FisP Fir? Fgr® Rst

On-T2 7 0.084 £ 0.080 0.218%** 0.222%** 0.004* —0.001
On-T3 10 0.063 £+ 0.026 0.157%** 0.157*** 0.000NS —0.003
On-T4 10 0.109 + 0.049 0.273** 0.277*** 0.005*** —0.003
D63 11 0.023 £ 0.022 0.013** 0.062** 0.007* 0.000
D145 9 0.026 + 0.020 0.067* 0.067** 0.000NS —0.005
D65 13 0.042 +£0.032 0.112%** 0.11 2% 0.000NS 0.007
D243 8 0.000 + 0.000 —0.051NS —0.052N8 —0.000NS —0.000
T81 18 0.068 £+ 0.038 0.170%** 0.173%** 0.004* 0.002
Al loci 86 — 0.141%* 0.143** 0.003*** 0.001

*P < 0.05; **P < 0.01; **P < 0.001.

aNull allele frequency for each locus was estimated for each of the 12 samples using the EM algorithm (Dempster et al., 1977) and then averaged.

b Alleles randomized within samples, and testing for Hardy—Weinberg equilibrium within samples. Based on 999 randomizations.

CTesting for population differentiation under assumption of random mating within samples. The statistic used is the exact G-test. (Goudet et al., 1996).

under HWE, indicated by the Fis estimate, was significant for (OCNY), and all samples deviating from HWE were estimated
all but one locus, and ranged from —0.051 in D243 to 0.273 in to have had at least one locus containing a null allele (Table 2).
On-T4. Null alleles were likely present at more than one locus The On-T4 locus appeared to have null alleles present in ten
in all O. nubilalis samples except Oaks Corners, New York of 12 populations, whereas there was no evidence for null

Table 2 Characteristics of geographic populations of Ostrinia nubilalis: sample size (), allelic diversity (mean number of alleles per locus), observed
(Ho) and expected (Hg) heterozygosity, and Fis per sample over all loci

Geographical Number
positioning (identity) of loci Number
system Allelic deviating from (identity) of loci
Location coordinates N diversity  Ho He Fis? HWE pb with null allele®
Sterling, Colorado N40 40.222 59 6.4 0.485 0.587 0.175* 1 (0On-T4) 0.0000 3 (On-T4, D65,
W103 09.518 T81)
Yuma, Colorado N40 13.177 60 6.4 0.529 0.585 0.096NS 2 (On-T4, T81) 0.0000 2 (On-T4,T81)
W102 42.294
North Platte, Nebraska N41 05.378 57 6.1 0.479 0574 0.166* 2 (On-T3,On-T4) 0.0000 3 (On-T3, On-T4,
W100 43.490 T81)
Arcadia, lowa N42 02.860 60 6.1 0.526 0.609 0.136* 2 (On-T4, T81) 0.0000 3 (On-T3, On-T4,
W95 04.366 T81)
Monmouth, lllinois N40 52.430 60 6.0 0.540 0.584 0.077NS 1 (T81) 0.0075 1 (T81)
W90 37.944
Waterloo, lllinois N38 14.696 60 6.5 0.535 0.614 0.129* 3(0On-T2,On-T4, 0.0000 2 (On-T2, On-T4)
W90 02.171 T81)
Wanatah, Indiana N41 23.159 59 6.9 0.494 0.584 0.156* 3(0On-T2,On-T4, 0.0000 5 (On-T2, On-T3,
W86 54.079 D65) On-T4, D65,
T81)
Frankfort, Indiana N40 14.814 58 6.2 0.502  0.591 0.151* 1 (On-TY) 0.0019 4 (On-T2, On-T3,
W86 32.607 On-T4, D65)
Columbia City, Indiana N41 04.990 58 6.2 0.484 0596 0.189* 3(0On-T2,On-T4, 0.0000 5 (On-T2, On-T3,
W85 23.637 T81) On-T4, D65,
T81)
Bowersville, Ohio N39 38.735 59 6.2 0.530 0.610 0.133* 3(On-T2, D63, 0.0000 3 (On-T2, On-T4,
W83 49.946 D65) D63)
Rockspring, Pennsylvania N40 42.196 59 7.5 0536 0.648 0.174* 3(On-T2,On-T4, 0.0000 3 (On-T4, D65,
W77 59.036 D65) T81)
Oaks Corners, New York  N42 0.934 33 7.0 0578 0.628 0.082NS 0 0.4335 0
W77 0.011

aSignificance level for Fis within samples based on 1920 randomizations. Indicative adjusted nominal level (5%, marked with an asterisk if significant at
this level) for multiple testing is 0.00052.

bProbability that sample-wide deviation from Hardy—Weinberg equilibrium (HWE) is by chance alone, based on Fisher’s method.

¢Based on MICRo-CHECKER analysis (Van Qosterhout et al., 2004).

© 2011 The Authors
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alleles at the D243 locus in any of the samples. Exact tests
for deviations from HWE across all loci revealed that ten of 12
samples were significantly out of equilibrium after correction
for multiple testing. All deviations from HWE were in the
direction of deficiency of heterozygotes (Table 2), as expected
if the deviations are caused by one or more null alleles. Such
consistent heterozygote deficiency is striking, although a high
frequency of null alleles plague microsatellites in Lepidoptera
(Meglécz et al., 2004; Zhang, 2004; Van’t Hof et al., 2007)
and has been previously observed in O. nubilalis as well
(Dalecky et al., 2006b; Kim et al., 2008), making development
of suitable markers for population genetics studies difficult
(Coates et al., 2005). Analyses of families from laboratory
crosses of moths originating in central lowa have confirmed the
presence of null alleles for at least On-T2, On-T3, On-T4, D63
and D65 (K. S. Kim and T. W. Sappington, unpublished data).

Allelic diversity, Hg and Hp all indicate high levels of
genetic diversity across all populations (Table 2). Allelic diver-
sity ranged from 6.0 in Monmouth, Illinois (MIL) to 7.5 in
Rockspring, Pennsylvania (RPA), averaging 6.5. Hg ranged
from 0.574 in North Platte, Nebraska (NPNE) to 0.648 in
Rockspring, Pennsylvania (RPA), averaging 0.601. There were
no significant differences in genetic diversity across locations
(KW statistic = 3.589, P =0.980 for allelic diversity; KW
statistic = 3.001, P = 0.9981 for Hg).

Genetic structure within and among O. nubilalis samples

The global estimate of Fst across all loci and all popula-
tions was very low but significant (Table 1) (uncorrected Fst =
0.003; ENA-corrected Fst for null alleles = 0.004). Corrected
pairwise Fsr estimates across all loci among the 12 O. nubilalis
samples ranged from —0.004 to 0.012 (Table 3). Permutation
tests indicated that allelic differentiation was significant in 19 of
the 66 pairwise comparisons (Table 3). Most of the significant
pairwise differentiation involved populations at the extreme
eastern [Oaks Corners, New York (OCNY) and Rockspring,

AIA
® o
YCO
WIN |WIL NPNE
OCNY ol ® o ° Axis 1
- 0,
° B%“ sco 43.6%
RPA ° MIL
FIN L4
CCIN
°
Axis 2

29.6%

Figure 2 Scatter diagram of factor scores from a principal coordinate
analysis of genotype data from eight microsatellite loci across samples
of Ostrinia nubilalis from 12 locations (Fig. 1). The percentage of
total variation attributed to each axis is indicated. SCO, Sterling,
Colorado; YCO, Yuma, Colorado; NPNE, North Platte, Nebraska; AlA,
Arcadia, lowa; MIL, Monmouth, lllinois; WIL, Waterloo, lllinois; WIN,
Wanatah, Indiana; FIN, Frankfort, Indiana; CCIN, Columbia City, Indiana;
BOH, Bowersville, Ohio; RPA, Rockspring, Pennsylvania; OCNY, Oaks
Corners, New York.

Pennsylvania (RPA)] and western [Yuma, Colorado (YCO)]
sample locations. Surprisingly, a different Colorado location,
Sterling (SCO), showed no differentiation from any other loca-
tion, whereas the centrally-located Monmouth, Illinois (MIL)
population was significantly differentiated from a number of
populations including relatively nearby samples from Arcadia,
Iowa (AIA) and Franklin, Indiana (FIN).

Relationships among O. nubilalis samples based on
microsatellite genotype data were visualized by PCo anal-
ysis (Fig. 2). The first two axes together accounted for
73.2% of the variation. Factor scores along axis 1 clearly
highlight the relative genetic distance of the north-eastern
[Rockspring, Pennsylvania (RPA) and Oaks Corners, New York
(OCNY)] populations from the central and western samples.
The Monmouth, Illinois (MIL) and North Platte, Nebraska
(NPNE) samples stood out at the other extreme of axis 1.

Table 3 Corrected Fgr estimates (below diagonal) and significance of permutation tests for allelic differentiation (above diagonal) across eight
microsatellite loci in pairwise comparisons of the Ostrinia nubilalis samples from 12 locations of the U.S.A.

SCO YCO NPNE AIA MIL WIL WIN FIN CCIN BOH RPA OCNY
SCO — NS NS NS NS NS NS NS NS NS NS NS
YCO 0.003 — NS NS * * NS o * NS o *
NPNE —0.003 0.002 — NS NS NS NS * NS NS o o
AIA 0.002 0.003 0.003 — o NS NS NS o NS o *
MIL 0.001 0.008 —0.002 0.010 — NS NS * NS NS o **
WIL 0.002 0.007 0.002 0.004 0.006 — NS NS NS NS * NS
WIN —0.001 0.005 0.000 0.004 0.004 —0.001 - NS NS NS * NS
FIN 0.000 0.011 0.005 0.004 0.006 0.002 0.001 — NS NS NS NS
CCIN 0.001 0.009 0.001 0.011 0.001 0.004 0.004 0.001 - NS NS *
BOH 0.000 0.003 0.002 0.006 0.004 0.002 0.000 0.001 —0.001 — NS NS
RPA 0.003 0.009 0.011 0.007 0.012 0.007 0.005 0.004 0.005 —0.001 — NS
OCNY 0.004 0.007 0.010 0.008 0.012 0.005 0.000 0.004 0.007 —0.001 —0.004

*p < 0.05, *p < 0.01, **p < 0.001. Probability values are based on 999 permutations.

NS, not significant.

SCO, Sterling, Colorado; YCO, Yuma, Colorado; NPNE, North Platte, Nebraska; AlA, Arcadia, lowa; MIL, Monmouth, lllinois; WIL, Waterloo, lllinois;
WIN, Wanatah, Indiana; FIN, Frankfort, Indiana; CCIN, Columbia City, Indiana; BOH, Bowersville, Ohio; RPA, Rockspring, Pennsylvania; OCNY, Oaks

Corners, New York.
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Although axis 2 accounted for almost 30% of the total vari-
ation in the data, the relative positions of the O. nubilalis
samples along that axis did not show any obvious clustering
or directionality related to geography.

There is a significant genetic isolation by geographic distance
relationship over all samples (y = 0.00159 + 0.000002515x;
P = 0.002; 12 = 0.136). The isolation-by-distance relationship
disappears (r> = 0.0282, P = 0.110) when both Pennsylvania
and New York are excluded based on their clustering in the
PCo analysis (Fig. 2), suggesting that differences between the
eastern O. nubilalis samples and others may drive the isolation-
by-distance relationship. However, when the Sterling, Colorado
(SCO) population near the western extreme of the geographic
range sampled also is excluded, based on its surprising lack of
any significant pairwise Fst estimates [compared with nearby
Yuma, Colorado (YCO)] (Table 3), the isolation-by-distance
relationship was significant with a slope similar to that when
all locations are included (y = 0.00204 + 0.000002510x; P =
0.044; r> = 0.108).

AMOVA analysis among the 12 O. nubilalis samples
revealed that most of the genetic variation was partitioned to
within- and among individuals (Table 4). Genetic differences
were examined between the north-eastern region [Rockspring,
Pennsylvania (RPA) and Oaks Corners, New York (OCNY)]
and the region combining all locations from Ohio westward.
The difference was low but significant (Frr = 0.006) and
was six-fold higher than that among populations within region
(Fsr = 0.001), supporting the relative isolation of O. nubilalis
populations between the north-eastern and the central-western
regions, which are separated by the Appalachian Mountains.

Neighbourhood size for O. nubilalis (4w Do?) was calculated
as the inverse of the isolation-by-distance regression slope:
1/0.000002515 =~ 400 000. Given the density (D) estimate of
919 adults/km?, variance in dispersal distance (o2) was calcu-
lated as approximately 34, and neighbourhood area (4o?) as
approximately 430 km?. The radius of the neighbourhood area
(20) is thus approximately 12 km. This means that after disper-
sal, approximately 87% of adults are located within 12 km of
the egg mass from which they originated. Conversely, it means
that approximately 13% of O. nubilalis adults disperse a net
distance >12 km from their natal site per generation.

Discussion

In the present study, we found low, but significant, genetic dif-
ferentiation between O. nubilalis populations from a number of
locations across the northern U.S.A. We also found a significant
isolation-by-distance relationship across the locations when
examined at the level of population means. This relationship is
weak but, together with the results of temporal analyses (Kim
et al., 2009), we tentatively conclude that the lack of genetic
differentiation between locations along the full length of two
720-km transects in the central Corn Belt in our earlier study
is largely a result of high gene flow in the geographic region
studied rather than to invasion history.

Other studies reporting low genetic differentiation among O.
nubilalis populations in the Great Plains of the U.S.A. (Krumm
et al., 2008) and in France (Bourguet et al., 2000a; Martel
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et al., 2003; Leniaud ef al., 2006; Malausa et al., 2007) are
consistent with our conclusion of high gene flow over long
distances. Furthermore, the significant isolation-by-distance
relationship that we observed allowed us to calculate neigh-
bourhood size and neighbourhood area for O. nubilalis. The
estimates are of course approximate but provide an indication
of the scale at which dispersal and gene flow are occurring
in this species. The estimate of neighbourhood area is large,
being almost one-third the mean size of an lowa county. The
neighbourhood radius of 12 km represents the net displacement
of only approximately 87% of adults, so that 13% disperse
>12 km per generation. The ability to disperse such distances
is consistent with observations from mark—recapture experi-
ments where dispersal to 49 km was demonstrated (Showers
et al., 2001), as well as with species and trait range expansion
data (Caftrey & Worthley, 1927; Chiang, 1972; Showers et al.,
1995), water crossings (Caffrey & Worthley, 1927; Bretherton
& Chalmers-Hunt, 1989; Langmaid & Young, 2006), and flight
mill studies (Dorhout et al., 2008).

Estimates of O. nubilalis effective population size from tem-
poral analyses of genetic variation were large (Kim er al.,
2009). Similarly, our estimate of the number of individu-
als comprising a panmictic breeding group (approximately
400 000), or neighbourhood size, is quite large, such that the
rate of differentiation through genetic drift is expected to be
slow. Our finding of significant isolation-by-distance despite the
genetic homogenization that may have followed in the wake of
the range expansion across the northern U.S.A., which ended
30-40 years ago, suggests that drift has had time to create
genetic differences and that gene flow is restricted over the
large geographic scale tested. Nevertheless, the low slope of
the isolation-by-distance regression line, in combination with
several other lines of evidence noted above, suggests that gene
flow in O. nubilalis commonly occurs over great distances.
However, the sampled landscape in the Midwest Corn Belt is
relatively uniform and without major topographical features. It
is possible that the significant isolation-by-distance pattern we
observed is the result of greater genetic isolation of the two
eastern populations where the landscape is not so uniform and
where there may be more opportunity for genetic drift to affect
neutral variation. The Appalachian Mountains are a significant
landscape barrier to gene flow and dispersal for many faunal
groups, including insects (Schultheis er al., 2002; Heilveil &
Berlocher, 2006).

There are some anomalies in the results obtained in the
present study emphasizing the complexity of gene flow and
dispersal in O. nubilalis. For example, closer examination of
the Monmouth, Illinois (MIL) population revealed significant
differentiation from a number of other populations relatively
nearby (354 and 396 km), whereas it was not differentiated
from other populations much further away geographically (848
and 1056 km). Not surprisingly, the Yuma, Colorado (YCO)
population near the western extreme of the range sampled
was genetically differentiated from several other populations.
Oddly, however, the nearby (64 km) Sterling, Colorado (SCO)
population was not significantly differentiated from any other
population, including the most distant locations in the North-
east (>2100 km). The reasons for such anomalies are unclear.

Agricultural and Forest Entomology © 2011 The Royal Entomological Society, Agricultural and Forest Entomology, doi: 10.1111/j.1461-9563.2011.00533.x
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Table 4 Analysis of molecular variance among Ostrinia nubilalis samples from 12 locations in the U.S.A.

Source of variation d.f. Sums of squares Mean sums of squares Estimated variance %
Among regions 1 7.854 7.854 0.015 0.62%
Among populations 10 31.424 3.142 0.003 0.14%
Among individuals 670 1843.434 2.751 0.345 14.22%
Within individuals 682 1406.000 2.062 2.062 85.02%
Total 1363 3288.711 - 2.425 100%
F-statistics Value P (random > data) — — —

Frr 0.006 0.001 - - —

Fsr 0.001 0.073 - - —

Fsr 0.008 0.001 - - —

Fis 0.143 0.001 - - —

Fir 0.150 0.001 — — —

Probability estimation is based on 999 permutations across the full data set.
For comparison among regions, Rockspring, Pennslyvania, and Oaks Corners,

ten locations were grouped as a single region.

Cornfields in Colorado and western Nebraska are usually irri-
gated and can be relatively isolated. Thus, facultative ranging in
search of suitable oviposition and adult aggregation sites may
result in differences in distance and patterns of dispersal com-
pared with regions further east where rainfall and the percentage
of corn in the landscape are greater. Theoretically, human-
mediated transport can provide a means of dispersal, although,
currently, there is no obvious mechanism for large-scale long-
distance transport of O. nubilalis by normal human agricultural
practices. Although transport in harvested seed corn ears may
be possible (Prasifka et al., 2006), survival in harvested com-
mercial grain is effectively nil (Wilde, 1976). Regardless, the
environments of the Yuma, Colorado (YCO) and Sterling, Col-
orado (SCO) locations do not differ in any noticeable way.
Population genetics studies of O. nubilalis in France, where
post-invasion disequilibrium is not an issue, have revealed a
strikingly similar pattern. For example, in the microsatellite-
based population genetics study performed by Malausa et al.
(2007), one sampled locale was significantly differentiated
from populations only 12, 18 and 22 km away, and yet was
not differentiated from populations 480 and 509 km away.
As previously hypothesized (Kim, et al., 2009), landscape
barriers to O. nubilalis movement may differentially isolate
some populations in a way that generates patterns unrelated
to simple isolation-by-distance, a phenomenon referred to as
‘chaotic genetic patchiness’ (Johnson & Black 2006; Selkoe
et al., 2010). Although O. nubilalis adults, both mated and
unmated, make local flights for many reasons throughout their
life (Dorhout et al., 2008), most long-range displacement of
O. nubilalis probably occurs the first night after emergence,
when at least a certain proportion of unmated females (but
not males) engage in a true migratory flight (Reardon et al.,
2006a; Dorhout et al., 2008). Direction and distance during
O. nubilalis long-duration flight is almost certainly affected
by wind (Caffrey & Worthley, 1927; Mikkola, 1986; Showers
et al., 1995, 2001), and local differences in wind patterns may
affect patterns of gene flow and contribute to genetic patchiness.
In conclusion, the results obtained in the present study are
consistent with a pattern of high gene flow in O. nubilalis in the
absence of topographic barriers (e.g. much of the Corn Belt)
and more moderate gene flow where topographic barriers exist

New York, together were considered as a single region and the remaining

(north-eastern U.S.A.). These patterns have implications for
resistance management for O. nubilalis in Bt corn. Restricted
gene flow can promote evolution of resistance in isolated pop-
ulations but results in slow expansion of the trait throughout
the species range. High gene flow, on the other hand, can
inhibit evolution of resistance by swamping out resistance alle-
les, although it allows rapid expansion of the resistance trait
once established (Peck et al., 1999; Ives & Andow, 2002; Mor-
jan & Rieseberg, 2004). Although pooling samples from widely
separated locations in the Corn Belt to increase the power of
F, screens to detect resistance alleles (Bourguet ez al., 2003;
Stodola et al., 2006) appears justified given the high gene flow
in this part of the country (Kim et al., 2009), the potential for
restricted gene flow in the north-eastern U.S.A. revealed in the
present study suggests that more intensive monitoring may be
needed. To our knowledge, no resistance monitoring at all is
currently conducted in the north-east because of the relatively
low percentage of hectarage planted to corn, although this may
be the area at highest risk of resistance development. We have
begun studies in the Northeast aiming to systematically exam-
ine the effects of its fragmented agricultural landscapes and
topographic barriers on gene flow in O. nubilalis, which will
permit modelling the risk of resistance evolution specific to this
region.

Acknowledgements

We thank M. E. O’Rourke and S. J. Fleischer for providing
samples from New York and Pennsylvania, and R. Ritland
for organizing and conducting the collection of moths in
Colorado, Nebraska and Iowa. We thank J. Gibson, L. Fraser
and M. Minner for technical assistance in the laboratory, as
well as N. Miller for insightful comments and suggestions
during the course of the study. Mention of trade names
or commercial products in this publication is solely for the
purpose of providing specific information and does not imply
recommendation or endorsement by the U.S. Department of
Agriculture (USDA). USDA is an equal opportunity provider
and employer.

© 2011 The Authors

Agricultural and Forest Entomology © 2011 The Royal Entomological Society, Agricultural and Forest Entomology, doi: 10.1111/1.1461-9563.2011.00533.x



References

Allendorf, FW. & Luikart, G. (2007) Conservation and the Genetics
of Populations. Blackwell Publishing, Malden, Massachusetts.

Andow, D.A. (2002) Resisting resistance to Bt corn. Genetically
Engineered Organisms: Assessing Environmental and Human Health
Effects (ed. by D. K. Letourneau and B. E. Burrows), pp. 99—124.
CRC Press, Boca Raton, Florida.

Bailey, R.I., Bourguet, D., le Pallec, A.-H. & Ponsard, S. (2007)
Dispersal propensity and settling preferences of European corn borers
in maize field borders. Journal of Applied Ecology, 44, 385-394.

Boshier, D.H., Chase, M.R. & Bawa, K.S. (1995) Population genetics
of Cordia alliodora (Boraginaceae), a neotropical tree. 3. Gene
flow, neighborhood, and population substructure. American Journal
of Botany, 83, 484—-490.

Bourguet, D., Bethenod, M.T., Pasteur, N. & Viard, F. (2000a) Gene
flow in the European corn borer Ostrinia nubilalis: implications for
the sustainability of transgenic insecticidal maize. Proceedings of the
Royal Society of London Series B, Biological Sciences, 267, 117—122.

Bourguet, D., Chaufaux, J., Séguin, M. et al. (2003) Frequency of
alleles conferring resistance to Bt maize in French and US Corn
Belt populations of the European corn borer, Ostrinia nubilalis.
Theoretical and Applied Genetics, 106, 1225—1233.

Bravo, A. & Soberén, M. (2008) How to cope with insect resistance
to Bt toxins? Trends in Biotechnology, 26, 573-579.

Bretherton, R.F. & Chalmers-Hunt, J.M. (1989) Immigration of Lep-
idoptera to the British Isles in 1988. Entomologist’s Record and
Journal of Variation, 101, 153—159.

Cabe, P.R., Page, R.B., Hanlon, T.J., Aldrich, M.E., Connors, L. &
Marsh, D.M. (2007) Fine-scale population differentiation and gene
flow in a terrestrial salamander (Plethodon cinereus) living in
continuous habitat. Heredity, 98, 53—60.

Caffrey, D.J. & Worthley, L.H. (1927) A progress report on the
investigations of the European corn borer. United States Department
of Agriculture Farmers’ Bulletin, 1476, 1-155.

Caprio, M.A. & Tabashnik, B.E. (1992) Gene flow accelerates local
adaptation among finite populations: simulating the evolution
of insecticide resistance. Journal of Economic Entomology, 85,
611-620.

Chapuis, M.-P. & Estoup, A. (2007) Microsatellite null alleles and
estimation of population differentiation. Molecular Biology and
Evolution, 24, 621-631.

Chiang, H.C. (1972) Dispersion of the European corn borer (Lepi-
doptera: Pyralidae) in Minnesota and South Dakota, 1945 to 1970.
Environmental Entomology, 1, 157-161.

Coates, B.S., Sumerford, D.V., Hellmich, R.L. & Lewis, L.C. (2005)
Polymorphic CA/GT and GA/CT microsatellite loci for Ostrinia
nubilalis (Lepidoptera: Crambidae). Molecular Ecology Notes, S,
10-12.

Dalecky, A., Ponsard, S., Bailey, R.I., Pélissier, C. & Bourguet, D.
(2006a) Resistance evolution to Bt crops: predispersal mating of
European corn borers. PLoS Biology, 4, el181.

Dalecky, A., Bogdanowicz, S.M., Dopman, E.B., Bourguet, D. &
Harrison, R.G. (2006b) Two multiplex sets of eight and five
microsatellite markers for the European corn borer, Ostrinia nubi-
lalis Hiibner (Lepidoptera: Crambidae). Molecular Ecology Notes, 6,
945-947.

Dempster, A.P., Laird, N.M. & Rubin, D.B. (1977) Maximum likeli-
hood from incomplete data via the EM algorithm. Journal of the
Royal Statistical Society, Series B (Methodological), 39, 1-38.

Dorhout, D.L., Sappington, T.W. & Rice, M.E. (2008) Evidence for
obligate migratory flight behavior in young European corn borer
(Lepidoptera: Crambidae) females. Environmental Entomology, 37,
1280-1290.

Endler, J.A. (1979) Gene flow and life history patterns. Genetics, 93,
263-284.

© 2011 The Authors

Gene flow among European corn borer populations 9

Environmental Protection Agency (EPA) (2001) Biopesticides Regis-
tration Action Document: Bacillus Thuringiensis Plant-incorporated
Protectants [WWW document]. URL http://www.epa.gov/pesticides/
biopesticides/pips/bt_brad2/4-irm.pdf [accessed in 2011].

Goodman, S.J. (1997) Rst Calc: a collection of computer programs for
calculating estimates of genetic differentiation from microsatellite
data and a determining their significance. Molecular Ecology, 6,
881-885.

Goudet, J. (1995) Fstat version 1.2: a computer program to calculate
Fstatistics (version 2.9.03). Journal of Heredity, 86, 485—486.

Goudet, J., Raymond, M., Meeiis, T.D. & Rousset, F. (1996) Testing
differentiation in diploid populations. Genetics 144, 1933—1940.

Graeber, J.V., Nafziger, ED. & Mies, D.W. (1999) Evaluation of
transgenic Bt-containing corn hybrids. Journal of Production Agri-
culture, 12, 659-663.

Guo, S.W. & Thompson, E.A. (1992) Performing the exact test of
Hardy-Weinberg proportion for multiple alleles. Biometrics, 48,
361-372.

Heilveil, J.S. & Berlocher, S.H. (2006) Phylogeography of postglacial
range expansion in Nigronia serricornis Say (Megaloptera: Corydal-
idae). Molecular Ecology, 15, 1627—1641.

Hellberg, M.E. (2009) Gene flow and isolation among populations
of marine animals. Annual Review of Ecology, Evolution, and
Systematics, 40, 291-310.

Hutchison, D.W. & Templeton, A.R. (1999) Correlation of pairwise
genetic and geographic distance measures: inferring the relative
influences of gene flow and drift on the distribution of genetic
variability. Evolution, 53, 1898—1914.

Ishida, Y. (2009) Sewall Wright and Gustave Malécot on isolation by
distance. Philosophy of Science, 76, 784—796.

Ives, A.R. & Andow, D.A. (2002) Evolution of resistance to Bt crops:
directional selection in structured environments. Ecology Letters, 5,
792-801.

James, C. (2010) A global overview of biotech (GM) crops: adoption,
impact and future prospects. GM Crops, 1, 8—12.

Jiang, X.-F., Luo, L.-Z. & Zhang, L. (2007) Amplified fragment
length polymorphism analysis of Mythimna separata (Lepidoptera:
Noctuidae) geographic and melanic laboratory populations in China.
Journal of Economic Entomology, 100, 1525-2532.

Jiang, X.-F., Cao, W.-J., Zhang, L. & Luo, L.-Z. (2010) Beet webworm
(Lepidoptera: Pyralidae) migration in China: Evidence from genetic
markers. Environmental Entomology, 39, 232-242.

Johnson, M.S. & Black, R. (2006) Islands increase genetic subdivision
and disrupt patterns of connectivity of intertidal snails in a complex
archipelago. Evolution, 60, 2498-2506.

Kim, K.S. & Sappington, T.W. (2006) Molecular genetic variation
of boll weevil populations in North America estimated with
microsatellites: implications for patterns of dispersal. Genetica, 127,
143-161.

Kim, K.S., Coates, B.S., Hellmich, R.L., Sumerford, D.V. &
Sappington, T.W. (2008) Isolation and characterization of microsatel-
lite loci from the European corn borer, Ostrinia nubilalis (Hiibner)
(Insecta: Lepidoptera: Crambidae). Molecular Ecology Resources, 8,
409-411.

Kim, K.S., Bagley, M.J., Coates, B.S., Hellmich, RL. &
Sappington, T.W. (2009) Spatial and temporal genetic analyses show
high gene flow among European corn borer (Lepidoptera: Cram-
bidae) populations across the central U.S. Corn Belt. Environmental
Entomology, 38, 1312—1323.

King, C.E. & Murtaugh, P. (1997) Effects of asexual reproduction on
the neighborhood area of cyclical parthenogens. Hydrobiologia, 358,
55-62.

Kitamura, K., Takasu, H., Hagiwara, S., Homma, K., O’Neill, J.,
Whigham, D.F. & Kawano, S. (2008) Demographic genetics of
American beech (Fagus grandifolia Ehrh.) IV. Development of

Agricultural and Forest Entomology © 2011 The Royal Entomological Society, Agricultural and Forest Entomology, doi: 10.1111/j.1461-9563.2011.00533.x



10 K. S. Kim et al.

genetic variability and gene flow during succession in a coastal plain
forest in Maryland. Plant Species Biology, 23, 159—-173.

Krumm, J.T., Hunt, T.E., Skoda, S.R., Hein, G.L., Lee, D.J., Clark, P.L.
& Foster, J.E. (2008) Genetic variability of the European corn borer,
Ostrinia nubilalis, suggests gene flow between populations in the
Midwestern United States. 12pp. Journal of Insect Science, 8, 72.

Langmaid, JR. & Young, M.R. (2006) Microlepidoptera review
of 2005. Entomologist’s Record and Journal of Variation, 118,
241-265.

Leniaud, L., Audiot, P., Bourguet, D. et al. (2006) Genetic structure of
European and Mediterranean maize borer populations on several wild
and cultivated host plants. Entomologia Experimentalis et Applicata,
120, 51-62.

Lopez, M.D., Sumerford, D.V. & Lewis, L.C. (2010) Nosema pyrausta
and CrylAb-incorporated diet led to decreased survival and develop-
mental delays in European corn borer. Entomologia Experimentalis
et Applicata, 134, 146—-153.

Ma, B.L. & Subedi, K.D. (2005) Development, yield, grain moisture
and nitrogen uptake of Bt corn hybrids and their conventional near-
isolines. Field Crops Research, 93, 199-211.

Maclntosh, S.C. (2009) Managing the risk of insect resistance to trans-
genic insect control traits: practical approaches in local environments.
Pest Management Science, 65, 100—106.

Malausa, T., Dalecky, A., Ponsard, S., Audiot, P., Streiff, R., Chaval, Y.
& Bourguet, D. (2007) Genetic structure and gene flow in French
populations of two Ostrinia taxa: host races or sibling species?
Molecular Ecology, 16, 4210-4222.

Manel, S., Schwartz, M.K., Luikart, G. & Taberlet, P. (2003) Land-
scape genetics: combining landscape ecology and population genet-
ics. Trends in Ecology and Evolution, 18, 189—197.

Martel, C., Réjasse, A., Rousset, F., Bethenod, M.-T. & Bourget, D.
(2003) Host-plant-associated genetic differentiation in northern
French populations of the European corn borer. Heredity, 90,
141-149.

Mason, C.E., Rice, M.E., Calvin, D.D. et al. (1996) European Corn
Borer Ecology and Management. North Central Regional Extension
Publication 327. Towa State University, Ames, Iowa.

Meglécz, E., Petenian, F., Danchin, E., d’Acier, A.C., Rasplus, J.-Y.
& Faure, E. (2004) High similarity between flanking regions of
different microsatellites detected within each of two species of
Lepidoptera: Parnassius apollo and Euphydryas aurinia. Molecular
Ecology, 13, 1693-1700.

Mikkola, K. (1986) Direction of insect migrations in relation
to the wind. Insect Flight: Dispersal and Migration (ed. by
W. Danthanarayana), pp. 152—171. Springer, Germany.

Morjan, C.L. & Rieseberg, L.H. (2004) How species evolve collec-
tively: implications of gene flow and selection for the spread of
advantageous alleles. Molecular Ecology, 13, 1341-1356.

Nagoshi, R.N., Fleischer, S. & Meagher, R.L. (2009) Texas is the
overwintering source of fall armyworm in central Pennsylvania:
implications for migration into the northeastern United States.
Environmental Entomology, 38, 1546—1554.

Nei, M. (1987) Molecular Evolutionary Genetics. Columbia University
Press, New York, New York.

Park, S.D.E. (2001) Trypanotolerance in West African cattle and the
population genetic effects of selection. PhD Thesis, University of
Dublin.

Peakall, R. & Smouse, P.E. (2006) GENALEX 6: genetic analysis
in excel. Population genetic software for teaching and research.
Molecular Ecology Notes, 6, 288—295.

Peck, S.L., Gould, F. & Ellner, S.P. (1999) Spread of resistance
in spatially extended regions of transgenic cotton: implications
for management of Heliothis virescens (Lepidoptera: Noctuidae).
Journal of Economic Entomology, 92, 1-16.

Prasifka, J.R., Sumerford, D.V., Hellmich, R.L., Lewis, L.C. &
Calvin, D.D. (2006) Sampling European corn borer (Lepidoptera:
Crambidae) larvae from seed corn drying bins for Bt resistance
monitoring. Southwestern Entomologist, 31, 269-279.

Raymond, M. & Rousset, F. (1995) GENEPOP (version 1.2): popula-
tion genetics software for exact tests and ecumenicism. Journal of
Heredity, 86, 248—249.

Reardon, B.J., Sumerford, D.V. & Sappington, T.W. (2006a) Dispersal
of newly-eclosed European corn borer adults (Lepidoptera: Cram-
bidae) from corn into small-grain aggregation plots. Journal of Eco-
nomic Entomology, 99, 1641-1650.

Reardon, B.J., Sumerford, D.V. & Sappington, T.W. (2006b) Impact of
trap design, windbreaks, and weather on captures of European corn
borer (Lepidoptera: Crambidae) in pheromone-baited traps. Journal
of Economic Entomology, 99, 2002—-2009.

Rice, W.R. (1989) Analysing tables of statistical tests. Evolution, 43,
223-225.

Rice, M.LE. & Pilcher, C.D. (1998) Potential benefits and limitations
of transgenic Bt corn for management of the European corn borer
(Lepidoptera: Crambidae). American Entomologist, 44, 75-78.

Rohlf, F.J. (1992) NTSYS-pc. Numerical Taxonomy and Multivariate
Analysis System, Version 1.80. Exeter Software, New York.

Rousset, F. (1997) Genetic differentiation and estimation of gene
flow from F-statistics under isolation by distance. Genetics, 145,
1219-1228.

Rousset, F. (2000) Genetic differentiation between individuals. Journal
of Evolutionary Biology, 13, 58—62.

Sappington, T.W. (2005) First-flight adult European corn borer (Lep-
idoptera: Crambidae) distribution in roadside vegetation relative to
cropping patterns and corn phenology. Environmental Entomology,
34, 1541-1548.

Sappington, T.W. & Showers, W.B. (1983) Adult European corn borer
(Lepidoptera: Pyralidae) flight activity in and away from aggregation
sites. Environmental Entomology, 12, 1154—1158.

Schultheis, A.S., Weigt, L.A. & Hendricks, A.C. (2002) Gene flow,
dispersal, and nested clade analysis among populations of the stonefly
Peltoperla tarteri in the southern Appalachians. Molecular Ecology,
11, 317-327.

Selkoe, K.A., Watson, J.R., White, C. et al. (2010) Taking the chaos
out of genetic patchiness: seascape genetics reveals ecological and
oceanographic drivers of genetic patterns in three temperate reef
species. Molecular Ecology, 19, 3708—-3726.

Showers, W.B. (1979) Effect of diapause on the migration of the
European corn borer into the southeastern United States. Movement
of Highly Mobile Insects: Concepts and Methodology in Research
(ed. by R. L. Rabb and G. G. Kennedy), pp. 420—430. University
Graphics, North Carolina State University, Raleigh, North Carolina.

Showers, W.B., Reed, G.L., Robinson, J.F. & DeRozari, M.B. (1976)
Flight and sexual activity of the European corn borer. Environmental
Entomology, 5, 1099-1104.

Showers, W.B., Weiss, M.J., Derrick, M.E. & Hendrix III, W.H.
(1995) Potential movement on surface airflow of a bivoltine popu-
lation of European corn borer (Pyralidae: Lepidoptera) into a histor-
ically univoltine habitat. Environmental Entomology, 24, 835-840.

Showers, W.B., Hellmich, R.L., Derrick, M.E. & Hendrix III, W.H.
(2001) Aggregation and dispersal behavior of marked and released
European corn borer (Lepidoptera: Crambidae) adults. Environmen-
tal Entomology, 30, 700-710.

Sisterson, M.S., Antilla, L., Carriere, Y., Ellers-Kirk, C. &
Tabashnik, B.E. (2004) Effects of insect population size on evolution
of resistance to transgenic crops. Journal of Economic Entomology,
97, 1413-1424.

Slatkin, M. (1987) Gene flow and the geographic structure of natural
populations. Science, 236, 787-792.

© 2011 The Authors

Agricultural and Forest Entomology © 2011 The Royal Entomological Society, Agricultural and Forest Entomology, doi: 10.1111/1.1461-9563.2011.00533.x



Slatkin, M. (1993) Isolation by distance in equilibrium and non-
equilibrium populations. Evolution, 47, 264-279.

Slatkin, M. & Barton, N.H. (1989) A comparison of three indirect
methods for estimating average levels of gene flow. Evolution, 43,
1349-1368.

Stodola, T.J., Andow, D.A., Hyden, A.R. et al. (2006) Frequency of
resistance to Bacillus thuringiensis toxin CrylAb in southern United
States Corn Belt population of European corn borer (Lepidoptera:
Crambidae). Journal of Economic Entomology, 99, 502—507.

Sumner, J., Rousset, F., Estoup, A. & Moritz, C. (2001) ‘Neighbour-
hood’ size, dispersal and density estimates in the prickly forest skink
(Gnypetoscincus queenslandiae) using individual genetic and demo-
graphic methods. Molecular Ecology, 10, 1917-1927.

Tabashnik, B.E., Gassmann, A.J., Crowder, D.W. & Carriere, Y.
(2008a) Insect resistance to Bt crops: evidence versus theory. Nature
Biotechnology, 26, 199-202.

Tabashnik, B.E., Gassmann, A.J., Crowder, D.W. & Carriere, Y.
(2008b) Field-evolved resistance to Bt toxins: reply. Nature Biotech-
nology, 26, 1074—1076.

Tabashnik, B.E., Van Rensburg, J.B.J. & Carriere, Y. (2009) Field-
evolved insect resistance to Bt crops: definition, theory, and data.
Journal of Economic Entomology, 102, 2011-2025.

Tyutyunov, Y., Zhadanovskaya, E., Bourguet, D. & Arditi, R. (2008)
Landscape refuges delay resistance of the European corn borer to
Bt-maize: a demo-genetic dynamic model. Theoretical Population
Biology, 74, 138—146.

© 2011 The Authors

Gene flow among European corn borer populations 11

Van Oosterhout, C., Hutchinson, W.F., Wills, D.P.M. & Shipley, P.F.
(2004) MICRO-CHECKER: software for identifying and correcting
genotyping errors in microsatellite data. Molecular Ecology Notes,
4, 535-538.

Van’t Hof, A.E., Brakefield, P.M., Saccheri, I.J. & Zwaan, B.J. (2007)
Evolutionary dynamics of multi-locus microsatellite arrangements in
the genome of the butterfly Bicyclus anynana, with implications for
other Lepidoptera. Heredity, 98, 320—328.

Wang, J. & Whitlock, M.C. (2003) Estimating effective population
size and migration rates from genetic samples over space and time.
Genetics, 163, 429-446.

Weir, B.S. & Cockerham, C.C. (1984) Estimating F-statistics for the
analysis of population structure. Evolution, 38, 1358—1370.

Wilde, G. (1976) Fate of European corn borer larvae in stored shelled
grain (Lepidoptera: Pyralidae). Journal of the Kansas Entomological
Society, 49, 557-561.

Wright, S. (1943) Isolation by distance. Genetics, 28, 114—138.

Wright, S. (1946) Isolation by distance under diverse systems of
mating. Genetics, 31, 39-59.

Zhang, D.X. (2004) Lepidopteran microsatellite DNA: redundant but
promising. Trends in Ecology and Evolution, 19, 507-509.

Accepted 27 February 2011

Agricultural and Forest Entomology © 2011 The Royal Entomological Society, Agricultural and Forest Entomology, doi: 10.1111/j.1461-9563.2011.00533.x



