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Introduction

Biological invasions may cause ecological (reviewed in

Olden et al. 2004), health (e.g. Ruiz et al. 2000) and eco-

nomic problems (Pimentel et al. 2001). In addition to

these practical considerations, biological invasions provide

opportunities to investigate various aspects of the coloni-

zation process, including initial foundations of popula-

tions and patterns of geographic expansion into new

areas. At the time of introduction, the number of foun-

ders affects the chances of a population becoming estab-

lished, through demographic (e.g. Allee effect, Drake and

Lodge 2006) or genetic effects (e.g. inbreeding depression,

Elam et al. 2007). After establishment, dispersal is crucial,

because it determines the rate of spatial expansion and

influences the genetic structure of the expanding popula-

tions and, hence, their adaptation to new environments

(Sax et al. 2005). Dispersal may be required to bring

novel combinations into marginal habitats which can

present an adaptive challenge. However, gene flow may

limit expansion, because genetic homogenization may

limit adaptation at the margins of the spatial distribution

(Kirkpatrick and Barton 1997).

Molecular genetic markers can be used to determine

population genetic structure, making it possible to recon-

struct the introduction and expansion patterns of invasive

populations, thereby providing insight into aspects of

introduction and spatial expansion (e.g. Estoup et al.
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Abstract

Invasive species provide opportunities for investigating evolutionary aspects of

colonization processes, including initial foundations of populations and geo-

graphic expansion. Using microsatellite markers and historical information, we

characterized the genetic patterns of the invasion of the western corn rootworm

(WCR), a pest of corn crops, in its largest area of expansion in Europe: Central

and South-Eastern (CSE) Europe. We found that the invaded area probably

corresponds to a single expanding population resulting from a single introduc-

tion of WCR and that gene flow is geographically limited within the popula-

tion. In contrast to what is expected in classical colonization processes, an

increase in genetic variation was observed from the center to the edge of the

outbreak. Control measures against WCR at the center of the outbreak may

have decreased effective population size in this area which could explain this

observed pattern of genetic variation. We also found that small remote out-

breaks in southern Germany and north-eastern Italy most likely originated

from long-distance dispersal events from CSE Europe. We conclude that the

large European outbreak is expanding by stratified dispersal, involving both

continuous diffusion and discontinuous long-distance dispersal. This latter

mode of dispersal may accelerate the expansion of WCR in Europe in the

future.
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2004 for the cane toad; Williams et al. 2007 for the Bra-

zilian peppertree). Such knowledge may have major

implications for the management of invasive pests. For

instance, the eradication of newly founded populations at

the colonization front of an expanding outbreak can slow

the expansion of invasive species, as shown for some

invasive noxious weeds (e.g. Moody and Mack 1988) and

insects (e.g. Johnson et al. 2006).

The univoltine western corn rootworm (WCR), Diab-

rotica virgifera virgifera LeConte (Coleoptera: Chrysome-

lidae) is native to North America and is one of the

most destructive pests of cultivated corn, Zea mays L.

This insect rapidly expanded its range in North America

during the last century (Gray et al. 2009) and was

recently introduced into Europe, where it was first

observed near Belgrade, Serbia, in 1992. An international

network has since been set up and provides an annually

updated, detailed description of the distribution and

expansion of WCR in Europe (Kiss et al. 2005). After its

introduction, WCR rapidly spread throughout Central

and South-Eastern (CSE) Europe, extending its range by

up to 100 km per year (Baufeld and Enzian 2001). The

continuously expanding CSE European outbreak now

extends from Austria to Ukraine and from southern

Poland to northern Bulgaria. A number of isolated out-

breaks have been detected almost every year since 1998,

in various countries including Italy, France, Switzerland,

Belgium, the United Kingdom, the Netherlands and Ger-

many (Anonymous 2007; Edwards and Kiss 2007).

Recent population genetic studies have provided evi-

dence for repeated transatlantic introductions of this

insect, accounting for the initiation of at least some of

these European outbreaks, including that in CSE Europe

(Miller et al. 2005; Ciosi et al. 2008). However, the

source populations have yet to be identified for some

outbreaks.

Most WCR movements are probably local (Spencer

et al. 2005). However, several studies have reported the

dispersal of WCR over large distances, partly through

active long-distance flights, but largely through passive

transport by wind, thunderstorms and human-mediated

transportation (Coats et al. 1986; Grant and Seevers 1989;

Spencer et al. 2005; Gray et al. 2009). The history of

WCR range expansion in the US and Europe is also con-

sistent with the long-distance mobility of WCR (Gray

et al. 2009). Thus, both local diffusion and long-distance

dispersal have probably played a role in the expansion of

WCR in CSE Europe. The isolated outbreak of Friuli

(north-eastern Italy) first detected in 2003 is currently the

only outbreak for which long-distance dispersal of WCR

from the large CSE European expanding outbreak has

been demonstrated (Miller et al. 2005; Ciosi et al. 2008).

However, more recent outbreaks detected in southern

Germany in 2007 – near Passau in Bavaria in south-east-

ern Germany and near Frickingen in Baden-Württemberg

in south-western Germany – have yet to be analyzed and

may also result from the establishment of remote colonies

originating from CSE Europe.

We examined here the spatial genetic structure and

characterized the expansion process of WCR within its

largest area of expansion in Europe: the CSE European

outbreak. We combined a specific transect sampling

scheme along the WCR expansion with analyses of micro-

satellite data and historical information concerning WCR

expansion. We addressed the following specific questions:

(i) Does the genetic evidence suggest single or multiple

introductions of WCR in CSE Europe? (ii) Does it sup-

port successive founder events during expansion? (iii)

Does it indicate stratified dispersal, involving both local

movements and long-distance dispersal? (iv) Do the

recent outbreaks in southern Germany constitute exam-

ples of long-distance dispersal events?

Materials and methods

Sample collection

We collected WCR samples in CSE Europe, at 19 sites in

five countries, in 2003 (see details in Fig. 1 and Table S1).

Samples were collected along two almost linear transects

running from the area in which WCR was first detected

(near Belgrade Airport in Serbia) to the expansion front

in 2003. These transects are referred to hereafter as the

‘western’ and ‘eastern’ transects. The western transect

consisted of nine samples taken along a transect running

from Belgrade to the eastern end of Austria. The eastern

transect consisted of 10 samples taken along a transect

running from Belgrade to eastern Hungary. The sample

from Stara-Pazova in Serbia is common to both transects.

Careful monitoring of the CSE European outbreak made

it possible to assign a precise year of first observation to

each sample (Kiss et al. 2005; I. Hatala-Zsellér, personal

communication, Csongrád County Plant and Soil Protec-

tion Service, Hódmezövásárhely, Hungary; I. Sivcev, per-

sonal communication, Institute for Plant Protection and

Environment, Zemun, Serbia; I. Grozea, personal commu-

nication, Banat University, Timisoara, Romania). For

each transect, the sampling sites were carefully chosen so

as to obtain an even distribution of the years of first

observation between 1992 (first observation of WCR in

Europe) and 2002 (last year before sampling). One sam-

ple from the western part of the invaded area infested in

1999 (the Turanovac sample) was added to the two tran-

sects. At each sampling site, we sampled 30–50 adult bee-

tles from maize fields (typically, we could find from less

than 1 to 10 adult beetles per maize plant in CSE

Europe). A sampling site was defined as a collection area
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of less than 100 m · 100 m. In most cases, sampling was

carried out with an aspirator device or a funnel with an

attached gauze bag, into which beetles where shaken from

the plants. Sex pheromone-baited transparent sticky traps

(PAL, Csalomon� family of traps, Hungarian Academy

of Sciences, Budapest, Hungary) were used in areas

infested in 2001 and 2002 because WCR population den-

sities were low in these areas.

Samples from two outbreaks detected in 2007 in south-

ern Germany near Passau in Bavaria and near Frickingen

in Baden-Württemberg were included (Table S1 and

Fig. 1), to test the hypothesis of recent long-distance
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Figure 1 Location of sampling sites and geographic distribution of the western corn rootworm (WCR) in 2007, together with year of first obser-

vation: (A) In Europe; distribution area, shown in gray, is defined as areas in which WCR has been observed for at least 1 year (Edwards and Kiss

2007). (B) In the Central and South-Eastern European area; W: sample from the western sampling transect. E: sample from the eastern sampling

transect. The names of the countries in which insects were collected are shown in capital letters.
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dispersal events from the CSE European area. The Passau

and Frickingen samples were collected with the sex phero-

mone-baited transparent sticky traps (PAL) used for

WCR monitoring in Europe (Kiss et al. 2005). For identi-

fication of the source populations of the CSE European

samples and the two German samples, we also included a

substantial number of European and American samples in

our analyses. Samples of WCR from most other European

outbreaks were collected from six sites in three countries

(see details in Table S1 and Fig. 1) between 2003 and

2005. The European samples from Friuli in north-eastern

Italy, Piedmont in north-western Italy, Paris-1, Paris-2,

Alsace in eastern France and the UK studied here were

those previously analyzed by Ciosi et al. (2008). We thus

sampled every outbreak detected in Western Europe up

to 2007, with the exception of four locations at which

beetles were no longer detected after 2003 – Venice, in

north-eastern Italy (outbreak detected in 1998), Belgium

and the Netherlands (outbreaks detected in 2003) – or at

which too few beetles were observed: the Lahr airport site

in south-western Germany (outbreak detected in 2007).

We added samples from five North American locations

(in Mexico, Arizona, Texas, Illinois, and Pennsylvania),

previously analyzed by Kim and Sappington (2005a) and

Ciosi et al. (2008). These five samples were representative

of the principal structured population entities of WCR in

its native continent (for details see Ciosi et al. 2008).

DNA extraction and microsatellite analyses

All WCR samples were stored in absolute ethanol until

DNA extraction. Template material for the polymerase

chain reaction (PCR) amplification of microsatellites was

obtained with three different protocols. (i) For the Deu-

tsch-Jahrndorf sample, DNA was extracted from the tho-

rax and abdomen of each specimen with the AquaPure

genomic DNA kit (Bio-Rad, Hercules, CA). (ii) For the

Frickingen and Passau samples, we used the thorax or

half the body, cut lengthwise, with the DNeasy tissue kit

(Qiagen, Hilden, Germany). (iii) For all other insects, the

‘salting out’ rapid extraction protocol of Sunnucks and

Hales (1996) was used to extract DNA from the head of

each individual. Individuals were washed at least three

times in 0.065% NaCl before each protocol, to remove

ethanol from the tissues. For the first two extraction pro-

tocols, the body part used was first dissected out, placed

in a 1.5 mL microcentrifuge tube, frozen in liquid nitro-

gen and pulverized with a micropestle. DNA was

extracted from the pulverized material. Six dinucleotide

(DVV-D2, DVV-D4, DVV-D11, DVV-D5, DVV-D8,

DVV-D9) and two trinucleotide (DVV-T2 and DVV-

ET1) microsatellite loci (Kim and Sappington 2005b;

Miller et al. 2005) were amplified in two separate

multiplex PCR, and were analyzed as described by Miller

et al. (2007).

Genetic variation within WCR samples

Genetic variation within samples was assessed by deter-

mining the mean number of alleles per locus (A), the

mean expected heterozygosity (H) (Nei 1987) and the

mean variance of absolute allelic size (V). The variables A

and H were calculated with Geneclass 2 ver. 2.0.g (Piry

et al. 2004) and V was calculated with Diyabc v.0.7.1

(Cornuet et al. 2008). We also calculated the coefficient

of inbreeding FIS with Genepop on the Web (Raymond

and Rousset 1995b). For comparisons of A values between

population samples, we estimated allelic richness (AR) on

the basis of minimum sample size, using the rarefaction

method (Petit et al. 1998) implemented in Fstat 2.9.3

(Goudet 2001). The significance of differences in AR, H

and V between samples was assessed with the nonpara-

metric Friedman and Wilcoxon sign rank tests (with locus

as a repetition unit). Deviation from Hardy–Weinberg

equilibrium was assessed with the probability test

approach, using Genepop on the Web.

Genetic variation between WCR samples

Exact tests of population genic differentiation (Raymond

and Rousset 1995a) were carried out with Genepop on

the Web. As pairwise differentiation tests involve non

orthogonal and multiple comparisons, we corrected sig-

nificance levels with Benjamini and Hochberg’s (1995)

false discovery rate procedure when necessary. Genepop

on the Web was also used to calculate Weir and

Cockerham’s (1984) estimator of pairwise FST, a statistic

summarizing genetic differentiation between pairs of

populations.

Clustering analysis of WCR population genetic structure

in CSE Europe

Various Bayesian methods of clustering of individuals

based on their microsatellite genotypes are currently avail-

able to infer population genetic structure in the invaded

area of CSE Europe. Because there is little agreement

about which method may be most appropriate, we used

several of these methods to verify the consistency of the

results obtained here.

1) The first approach is implemented in Structure

software (Pritchard et al. 2000). The microsatellite data

were converted from Genepop to Structure format with

Create software v.1.1 (Coombs et al. 2008). We checked

for repeatability of the results and convergence of the

Markov chain Monte Carlo (MCMC) by carrying out a

Ciosi et al. D. v. virgifera expansion in Central Europe
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series of 10 replicate runs for each prior value of the

number (K) of clusters, set between 1 and 19 (the actual

number of samples). Each run consisted of a burn-in of

2 · 104 iterations, followed by 105 iterations. Two types

of inference were performed, using the admixture model

of ancestry together with the correlated allele frequencies

model (Falush et al. 2003), with and without the use of

sampling location as prior information (Hubisz et al.

2009). Default values were maintained for all other

parameters. K was estimated at the value with the highest

likelihood for the data P(X|K) and with the DK statistics

of Evanno et al. (2005), which is based on the rate of

change in the log-likelihood between successive K values.

The results obtained in each analysis were confirmed by

performing longer runs with K sets between 1 and 5, with

10 replicate runs at each K, 2 · 105 burn-in iterations,

and 106 iterations. The results of Structure analyses

were then visualized in Distruct v.1.0 (Rosenberg 2004).

2) In a second approach, we included the spatial coordi-

nates of individuals as prior information using Geneland

v.3.1.4 (Guillot et al. 2005a,b). We performed 10 repli-

cated analyses to check for convergence, allowing K to

vary from 1 to 19 clusters and using the following param-

eters: 106 MCMC iterations, maximum rate of Poisson

process fixed at 50, maximum number of nuclei in the

Poisson-Voronoi tessellation fixed at 450, and an uncer-

tainty associated with the spatial coordinates of 3 km. We

used the Dirichlet model of allelic frequencies, as this

model has been shown to perform better than the alterna-

tive model (Guillot et al. 2005a). We inferred the number

of clusters (K) from the modal value of K for the 10

runs.

3) Finally, we used an approach implemented in Baps

5.2 software (Corander et al. 2003, 2004). We estimated

K in four different ways, clustering individuals or groups

of individuals (samples), and with and without the use of

their spatial coordinates as prior information. In each

case, we conducted a series of five replicate runs with the

a priori upper limit for the number of clusters set at 19

(the actual number of samples) for each run.

Geographic and temporal analyses of genetic variation

Each sample of WCR from CSE Europe can be character-

ized in terms of its x-y spatial coordinates, its angular

coordinate (see below) and the year of first observation of

WCR at the sampling site. As the expansion of WCR in

CSE Europe is largely radial, the year of first observation

provides an indication of the relative location of the sam-

ple in the colonization process. The Madaras sample was

not included in the temporal analysis because we consid-

ered its year of first observation to be too imprecise. The

spatial and temporal features shaping the population

genetic structure within the CSE European zone of expan-

sion were investigated with the following procedures:

1) Genetic isolation by geographic distance was investi-

gated using Rousset’s (1997) regression-based framework,

by analyzing the correlation between FST/(1 ) FST) values

and the natural logarithm of geographic distance between

samples.

2) Genetic isolation by temporal distance was investi-

gated by analyzing the correlation between FST and the

difference in year of first observation (D1
st

obs) between

samples. Note that in each transect, D1
st

obs and the geo-

graphic distance between samples were strongly correlated

(Spearman’s r = 0.97 and 0.86, and Mantel tests

P = 1 · 10)5 and 4 · 10)5 for the western and the east-

ern transect, respectively). Genetic isolation by geographic

and temporal distance were investigated considering each

transect separately.

3) Spatial expansions into new territories may lead to

the spread of rare alleles over large geographical areas

where they can reach high frequencies (Edmonds et al.

2004; Klopfstein et al. 2006). This phenomenon, called

‘gene surfing’ (Klopfstein et al. 2006), is caused by genetic

drift that prevails over other evolutionary forces at the

front of expansion. Empirical (Hallatschek et al. 2007)

and simulation (Excoffier and Ray 2008) studies on spa-

tial genetic patterns for a single locus, have recently dem-

onstrated that gene surfing can cause the emergence of

genetically homogeneous sectors and thus of a between-

sector genetic differentiation. We addressed this issue in

the CSE area of WCR expansion, by investigating the

genetic isolation by angular distance expected when con-

sidering several loci. We attributed to each sample an

angle between the line of latitude passing through the ori-

gin of the outbreak (Belgrade, Serbia) and the line con-

necting Belgrade to each sample (Table S1). The pattern

of genetic isolation by angular distance was investigated

by analyzing the correlation between FST and differences

in angle measured for all pairs of samples. The Belgrade-

Airport, Surcin and Stara-Pazova samples were all located

geographically close to Belgrade, and their angular coor-

dinates were therefore uncertain. We thus removed these

three samples from the genetic isolation by angular dis-

tance analysis. Correlations between distance matrices

were analyzed with the Mantel test implemented in

Genepop on the Web.

4) Correlations between genetic variation within samples

(AR, H and V) and the year of first observation or geo-

graphic distance to the center of the outbreak were

assessed by Spearman’s rank correlation tests performed

with the spearman.test function available in the pspearman

library of R (R Development CoreTeam 2008), with the

aim of detecting possible decreases in genetic variation

during the expansion process.

D. v. virgifera expansion in Central Europe Ciosi et al.
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Source populations of the Frickingen, Passau

and Friuli outbreaks

We calculated the mean multilocus individual assignment

likelihood of each outbreak sample i, – Frickingen and

Passau from southern Germany, and Friuli from north-

eastern Italy – to each sample of 31 possible source popu-

lations s, as shown in Table 1 (hereafter denoted Lifis;

see Pascual et al. 2007; and Ciosi et al. 2008) with Gene-

class 2 ver. 2.0.g (Piry et al. 2004). For each outbreak

considered, the most probable source population was

identified as that with both the highest Lifis value and the

lowest FST-value with the outbreak considered. No ad hoc

statistical test has yet been described for the comparison

of mean individual assignment likelihoods or FST. More-

over, non parametric tests, such as the Friedman analysis

of variance by rank or pairwise Wilcoxon signed rank

test, using locus as a repetition unit, are not sufficiently

powerful for such comparisons, due to the limited num-

ber of loci and the large inter-locus variance of the statis-

tics used.

We then documented the effect of introduction events

on genetic variation within populations, by comparing

the Frickingen, Passau and Friuli outbreaks with their

identified source populations.

Determination of the number of introductions into CSE

Europe

The following procedures were used to detect multiple

introductions in the CSE European outbreak. We used

three procedures based on different assumptions to com-

pensate for a potentially low statistical power and then to

avoid false negatives. The first method (1) does not

include statistical tests and is sample-centered, the second

one (2) includes statistical tests and is individual-centered

and the third one (3) is focused on cotemporary gene

flow and detection of first generation immigrants.

1) The most probable source population of each CSE

European sample was identified by the procedure

described above for the Frickingen, Passau and Friuli out-

breaks. In this analysis, potential sources were popula-

tions with a first observation year £2003 (i.e. the year of

collection of CSE European samples). The Friuli outbreak

was excluded as a potential source population from the

analysis because it is known to have originated in CSE

Europe (Miller et al. 2005; Ciosi et al. 2008), and thus

most CSE European samples are expected to wrongly

point to Friuli as its most probable source. Most of the

non CSE European outbreaks have been observed for the

first time after the occurrence of WCR at CSE European

sample locations and could thus not be the source of pri-

mary introductions in CSE Europe. In this assignment

analysis potential sources have thus been considered in

two ways: (i) North American populations could be the

source of multiple introductions in CSE Europe (either

primary or secondary) and (ii) European outbreaks could

be the source of secondary introductions in CSE Euro-

pean locations where WCR had already been observed.

2) Ciosi et al. (2008) suggested that the northern USA

(represented by the Illinois and Pennsylvania samples) is

the sole source population for the CSE European out-

break. We tested this hypothesis for the large number of

individuals sampled at various sites within the CSE Euro-

pean area, by calculating the probability of excluding Illi-

nois and Pennsylvania as source populations for each

CSE European individual, using Geneclass 2 ver. 2.0.g.

Probabilities were calculated by using the assignment like-

lihood calculation of Rannala and Mountain (1997), with

resampling based on the simulation algorithm of Paetkau

et al. (2004). Ten thousand individuals were simulated

per population and a threshold of 0.05 was used to

exclude ‘northern USA’ as the source population of any

target individual.

3) Multiple introductions at a single site are expected to

leave a genetic signature only if the individuals intro-

duced originate from sources that are genetically differen-

tiated from the outbreak considered. Given the number

of loci used, only first-generation immigrants would be

detectable (see Rannala and Mountain 1997 for a discus-

sion on the power of statistical tests of assignment). We

used Geneclass 2 ver. 2.0.g (Piry et al. 2004) to detect

first-generation immigrants. Given that CSE European

individuals were sampled in 2003, this test is specific to

introductions in 2002–2003. A thousand individuals were

simulated per population, with the algorithm of Paetkau

et al. (2004) and the assignment likelihood calculation of

Rannala and Mountain (1997) was used. The statistic

used to identify first-generation immigrants was the

Lhome/Lmax ratio, where Lhome is the assignment likelihood

of an individual to the population from which it was

sampled and Lmax is the maximum assignment likelihood

for this individual over all populations considered. As

explained above populations considered as potential

sources were those with a first observation year £2003,

including the CSE European outbreak itself, with the

exception of Friuli which was excluded from the analysis.

We considered an individual to be a first-generation

immigrant if the probability of the corresponding Lhome/

Lmax ratio was below alpha = 0.05.

Results

Genetic variation within WCR samples

The dataset of CSE European samples showed moderate

polymorphism, with a mean of 4.625 (SD = 2.973) alleles

Ciosi et al. D. v. virgifera expansion in Central Europe
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Table 1. Pairwise estimates of FST (Weir and Cockerham 1984) and mean individual assignment likelihood (Lifis) of the Passau, Frickingen and Fri-

uli samples for each potential source population.

Geographic

area

Potential

source

population Location 1st obs.

Passau,

Germany

Frickingen,

Germany Friuli, Italy

Lifis FST Lifis FST Lifis FST

North

American

range

Mexico Durango, Mexico <1940 15.989 0.284 16.604 0.229 16.664 0.319

Arizona Willcox, Arizona <1974 15.229 0.213 15.559 0.164 18.62 0.276

Texas New Deal, Texas <1980 9.135 0.177 9.427 0.132 10.048 0.226

Illinois Champaign, Illinois <1974 7.504 0.158 7.848 0.115 9.175 0.229

Pennsylvania Bellefonte, Pennsylvania <1985 7.669 0.170 7.734 0.116 8.153 0.218

Western

European

isolated

outbreaks

Piedmont Oleggio, Italy 2000 15.092 0.345 13.652 0.242 15.354 0.357

Paris-1 Roissy Airport, France 2002 11.379 0.299 11.775 0.241 14.494 0.439

UK Slough, United Kingdom 2003 8.174 0.191 8.877 0.134 11.301 0.285

Friuli Buttrio, Italy 2003 11.052 0.239 11.466 0.168 – –

Alsace Mulhouse Airport, France 2003 7.881 0.176 8.678 0.106 9.44 0.267

Paris-2 Pierrelaye, France 2004 11.350 0.220 12.054 0.177 12.777 0.278

Passau Passau, Germany 2007 3.378 – 5.438 0.063 5.891 0.239

Frickingen Frickingen, Germany 2007 4.100 0.063 4.270 – 5.144 0.168

Central and

South

Eastern

European

area of

Expansion

Belgrade-AirportW Belgrade Airport, Serbia 1992 5.087 0.104 5.626 0.061 4.863 0.116

SurcinE Surcin, Serbia 1992 4.328 0.045 4.98 0.027 5.209 0.153

Stara-PazovaW&E Stara Pazova, Serbia 1993 4.519 0.066 4.883 0.024 4.696 0.116

VrbasW Vrbas, Serbia 1995 4.184 0.051 4.537 0.004/ 4.934 0.143

Aleksa-SanticW Aleksa Santic, Serbia 1996 4.263 0.053 4.613 0.006 5.025 0.147

VardombW Vardomb, Hungary 1997 4.120 0.039 4.619 0.006 5.153 0.146

SarbogardW Sarbogard, Hungary 1999 4.146 0.051 4.576 0.012/ 4.806 0.136

BokodW Bokod, Hungary 2000 4.241 0.051 4.548 0.002/ 5.32 0.155

BabolnaW Babolna, Hungary 2001 4.299 0.055 4.626 0.008/ 5.267 0.167

Deutsch-JahrndorfW Deutsch Jahrndorf, Austria 2002 4.287 0.051 4.609 0.004/ 5.184 0.159

SajkasE Sajkas, Serbia 1994–1995 4.286 0.057 4.705 0.015 4.957 0.145

SzegedE Szeged, Hungary 1995 4.327 0.056 4.655 0.009/ 5.118 0.157

KardoskutE Kardoskut, Hungary 1996 4.276 0.045 4.906 0.020 5.066 0.149

KondorosE Kondoros, Hungary 1997 4.432 0.060 4.869 0.016 5.353 0.156

BekesE Bekes, Hungary 1998 4.829 0.087 5.214 0.043 5.245 0.158

KunmadarasE Kunmadaras, Hungary 1999 4.667 0.077 4.989 0.027 5.38 0.153

MadarasE Madaras, Romania 1997–1999 4.474 0.063 4.770 0.013 5.329 0.153

KabaE Kaba, Hungary 2000 4.729 0.068 5.299 0.047 5.267 0.164

Turanovac Turanovac, Croatia 1999 4.182 0.042 4.759 0.017 4.64 0.125

Most likely

source

population

VardombW VrbasW BokodW Turanovac Belgrade-AirportW

or Stara-PazovaW&E

)log10 values of the Lifis are indicated. Highest Lifis and minimum FST are indicated in bold typeface. The most likely source population for each

sample is indicated in the last row.

1st obs: first observation year.
/: Nonsignificant pairwise differentiation exact tests.
w: Sample from the western sampling transect.
E: Sample from the eastern sampling transect.
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per locus over all samples. The mean number of alleles

was homogeneous over CSE Europe, varying from 3

(SD = 1.195) (AR = 2.996, SD = 1.192) in Turanovac to

3.625 (SD = 1.685) (AR = 3.307, SD = 1.411) in Kaba

(Table S2). Mean expected heterozygosity ranges from

0.442 in Sarbogard to 0.506 in Kunmadaras (Table S2).

The mean variance of absolute allelic size varied from

10.366 (SD = 14.685) at Belgrade-Airport to 14.238

(SD = 20.929) in Vardomb (Table S2). No significant dif-

ferences between samples were detected for any of the sta-

tistics summarizing genetic variation within population

samples (Friedman’s test by rank performed over loci,

v2 = 23.17, 19.4 and 24.60, d.f. = 18, P = 0.184, 0.368

and 0.136 for AR, H and V, respectively).

We found significantly fewer alleles ()55%) and a

lower heterozygosity ()26%) in CSE Europe (complete

data set) than in Pennsylvania, the putative source

population of this outbreak in north-eastern America

(Wilcoxon’s signed rank tests, P = 0.018 and 0.036 for

AR and H, respectively). The mean variance of absolute

allelic size (V) did not differ significantly between CSE

Europe (complete data set) and Pennsylvania (Table S2;

Wilcoxon’s signed rank test, P = 0.484).

Genetic variation between CSE European WCR samples

Most pairwise comparisons (79% before and 87% after

correction for multiple comparisons) revealed no signifi-

cant genetic differentiation (Table S3) and pairwise FST-

values were low (mean = 0.004, SD = 0.01). The sample

collected from the site of the first observation within the

area studied (i.e. the Belgrade-Airport sample) displayed

significant genetic differentiation from all other samples

except the Surcin, Stara-Pazova, Vrbas, and Kardoskut

samples (Table S3). The three north-eastern samples,

Kunmadaras, Kaba, and Bekes, were genetically differenti-

ated from two central samples (Vrbas and Sajkas) and

three western samples (Bokod, Sarbogard, and Vardomb)

(Table S3).

Clustering analysis of WCR population genetic structure

in CSE Europe

Bayesian clustering analyses performed with Structure

provided consistent results over the 10 runs tested for

each K and over the two models tested, irrespective of the

length of the runs. The natural logarithm of the likeli-

hood of the data lnP(X|K) slightly increased from K = 1

to K = 2, for which it was maximal (Fig. S1A,S1B). Using

the DK statistics led to the same estimation of K = 2

(data not shown). The following analyses of model

parameters at K = 2 indicated an absence of population

structure in the area of expansion in CSE Europe

(Pritchard et al. 2007, 2009). For example, in both ana-

lyses, all individuals were admixed and the individual

proportions of ancestry from each cluster (Q values) were

randomly distributed between samples. In the analysis in

which sampling location was not used as prior informa-

tion, Q values were roughly symmetric (� 1/2 in each

cluster). Moreover, in the analysis in which sampling

location was used as prior information, at K = 2, 99% of

individuals were assigned to a single cluster with a mean

Q = 0.89 (SD = 0.11) (Fig. S2) and the value of r, which

parameterizes the amount of information carried by the

locations, was much greater than 1. This is also consistent

with an absence of population structure (Pritchard et al.

2009).

Geneland and Baps confirmed the absence of genetic

structure throughout the expansion area in CSE Europe,

with all individuals belonging to a single cluster. Posterior

distributions of the estimated number of clusters (K)

across the 10 replicates performed in Geneland displayed

a clear mode at K = 1 (Fig. S1B) and a probability of 1

for K = 1 was obtained for all calculation in Baps.

Geographic and temporal analyses of genetic variation

Weak but significant genetic isolation by geographic dis-

tance was detected only in the eastern transect [Fig. 2A;

Mantel test on the correlation between FST/(1 ) FST) and

the natural logarithm of geographic distance between

samples, P = 0.047, slope = 0.002 for the eastern transect

and P = 0.115, slope = 0.005 for the western transect].

When combining the probabilities obtained for the wes-

tern and eastern transects by Fisher’s method (Sokal and

Rolf 1995, p. 794–797), we detected an overall significant

genetic isolation by geographic distance (P = 0.034).

Weak but significant genetic isolation by temporal dis-

tance was observed in both transects (Fig. 2B; Mantel

tests on the correlation between FST and D1
st

obs,

P = 0.022 and 0.020, and slopes £0.002 for the western

and the eastern transect, respectively). After combining

the two transect probabilities by Fisher’s method, overall

genetic isolation by temporal distance was highly signifi-

cant (P = 0.004).

Finally, a highly significant but weak correlation

between FST and the differences of angle measured for all

pairs of samples was detected (Fig. 2C; Mantel test,

P = 7.6 · 10)3; slope = 1.3 · 10)4).

No significant correlation between the allelic richness

of the samples (AR) and the year of first observation or

geographic distance from Belgrade was detected in either

of the transects (Spearman’s r £ 0.15 and P ‡ 0.71)

(Fig. 3A,B). Allele size variance (V) displayed a positive

correlation of marginal significance with the year of first

observation and with geographic distance from Belgrade,

Ciosi et al. D. v. virgifera expansion in Central Europe
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in the western transect (Spearman’s r = 0.65 and

P = 0.07 for both tests), but not in the eastern transect

(Spearman’s r £ 0.33 and P ‡ 0.35) (Fig. 3C,D). Further-

more, heterozygosity (H) was positively correlated with

the year of first observation and with the geographic

distance from Belgrade in the eastern transect (Spear-

man’s r ‡ 0.8 and P = 0.01 for both tests), but not in

the western transect (Spearman’s r = 0.09 and P = 0.84

for both tests) (Fig. 3E,F). When combining the proba-

bilities obtained for the two transects by Fisher’s

method, H displayed a positive correlation of marginal

significance with the year of first observation (P = 0.06)

and a significant positive correlation with geographical

distance (P = 0.03). When probabilities were combined,

correlations based on AR and V remained non signifi-

cant (P > 0.11).

Source populations of the Frickingen, Passau

and Friuli outbreaks

Comparisons between the Frickingen and Passau samples

and all potential source populations in Europe and North

America gave small to large FST estimates, ranging from

0.002 between Frickingen and Bokod to 0.345 between

Passau and Piedmont (Table 1). All pairwise genetic dif-

ferentiations tests gave significant results, with the excep-

tion of the six comparisons of Frickingen with six sites

sampled in the CSE European area: Deutsch-Jahrndorf,

Babolna, Bokod, Sarbogard and Vrbas, all from the wes-

tern transect, and Szeged (Table 1).

The CSE European area was identified as the most

probable source population for the Frickingen outbreak

with the highest Lifis and the minimum FST-values

obtained for Vrbas and Bokod, respectively (Table 1).

More generally, Lifis and FST-values indicated that the

western part of the CSE European area of expansion was

the most probable source region for the Frickingen out-

break.

For the Passau outbreak, the highest Lifis value was

obtained for the Frickingen sample (Table 1). By contrast,

the minimum FST-value was obtained for a CSE European

sample, Vardomb, identifying this sample site as the

potential source of the Passau outbreak (Table 1). We

therefore cannot unambiguously identify a single source

population for the Passau outbreak. As the Frickingen

and many CSE European samples are genetically similar

(Table 1), similar FST and Lifis values were obtained when

assigning Passau to Frickingen or CSE European samples

(e.g. Vardomb and Sarbogard). The source of the Passau

outbreak may therefore be either the area of expansion in

CSE Europe or the Frickingen outbreak.

Finally, both the Lifis and FST values identify the area

of expansion in CSE Europe as the most probable source
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Figure 2 Patterns of genetic isolation by geographic (panel A), tem-

poral (panel B) and angular distance (panel C) among Central and

South-Eastern (CSE) European sample sites of the western corn root-

worm. Linear regression lines and P-values for Mantel tests analyzing

the correlation between genetic and geographic, temporal or angular

distance are shown. In panels A and B, gray and black items corre-

spond to the western and the eastern transects, respectively.
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of the Friuli outbreak. More precisely Lifis values identi-

fied Turanovac and FST values identified Belgrade-Airport

or Stara-Pazova, thus indicating that the center and wes-

tern part of the CSE European area of expansion were the

most likely source regions for the Friuli outbreak

(Table 1).
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Building on previous results, it is now possible to

document the effect of introduction events on genetic

variation within populations, by comparing the Frickin-

gen, Passau and Friuli outbreaks with their identified

source populations. For simplicity, data for the Passau,

Friuli and Frickingen outbreaks were first compared

with the complete CSE European data set. The Passau

and Friuli outbreaks were less variable than their puta-

tive sources in CSE Europe, whereas the Frickingen out-

break was not. Allelic richness (AR) was 16.5% and

44.3% lower in the Passau and Friuli samples, respec-

tively, than in CSE Europe (Wilcoxon’s sign rank tests,

P = 0.018 for both tests). Heterozygosity (H) was 26.7%

and 38.66% lower in the Passau and Friuli samples,

respectively, than in CSE Europe (Wilcoxon’s sign rank

tests, P = 0.018 for both tests). By contrast, AR and H

were similar in Frickingen and in CSE Europe (Wilco-

xon’s sign rank tests, P = 0.063 for AR and 0.176 for

H). The mean variance of absolute allelic size (V) was

similar for the Frickingen, Passau and Friuli samples

and for CSE Europe (Wilcoxon’s sign rank tests,

P > 0.128 for each test). Genetic variation within the

Passau outbreak did not differ significantly from that in

its alternative putative source population, Frickingen

(Wilcoxon’s signed rank tests on AR, H and V, P > 0.09

for each test).

Determination of the number of introductions into CSE

Europe

The three procedures used to detect multiple introduc-

tions in the CSE European outbreak gave similar results:

1) Highest mean multilocus individual assignment like-

lihood of each sample i to each possible source popula-

tion s (Lifis) clearly identified the northern USA

(represented by the Illinois and Pennsylvania samples) as

the most probable source of the 19 sampling sites in

CSE Europe (Table 2). The highest Lifis obtained

between each CSE European sample and the northern

USA samples was substantially higher than the second

highest Lifis (with a difference of 0.42 to 1.64 log10

(Lifis) units). Similar results were obtained with FST-val-

ues for nine sampling sites in CSE Europe. FST-values

identified Alsace as the probable source for the other 10

sites (Table 2).

2) Northern USA (represented by the Illinois and Penn-

sylvania samples) was excluded as a possible source popu-

lation (P < 0.05) for only six individuals from CSE

Europe (i.e. only 0.8% of the total of 706 individuals).

Setting the threshold of this analysis to 0.05, we expected

a mean of 0.05 · 706 = 35.3 type I errors in the data set

and thus considered the six individuals excluded to be

negligible.

3) With an alpha of 0.05, none of the 706 individuals

sampled in CSE Europe was identified as a first-genera-

tion immigrant originating from a genetically differenti-

ated population (P > 0.06). With an alpha of 0.2, 13

individuals were identified as first generation immigrants

coming from the CSE European outbreak itself. These 13

individuals were not spatially concentrated. For the other

693 individuals, the probability of the corresponding

Lhome/Lmax ratio was >0.55.

We thus obtained no evidence of multiple introduc-

tions from genetically differentiated source populations at

different sites within the CSE European area. Moreover,

when Belgrade was considered as a possible source, the

Lifis and FST-values identified the Belgrade area as the

most likely source population for all other CSE European

samples (Table 2). Thus, we found no evidence of multi-

ple introductions from the same source population at

different sites within the CSE European area.

Discussion

By combining a specific sampling scheme along the WCR

expansion, microsatellite data and historical information,

we characterized the invasion dynamics of WCR in its

largest area of expansion in Europe, that of the Central

and South-Eastern European outbreak. Within this area,

we detected only one genetically homogeneous cluster

based on Bayesian analyses, weak genetic differentiation

between pairs of samples and weak but statistically signifi-

cant patterns of genetic isolation by geographic distance

and temporal distance. Unexpectedly, it seems that we

have highlighted a very small increase in genetic variation

from the center to the edge of the outbreak. Finally, we

showed that three small geographically distant outbreaks

(two in southern Germany and one in north-eastern

Italy) most likely originated from CSE Europe. We will

present the evidence to suggest that the CSE European

outbreak (i) originated from a single introduction, (ii) is

expanding through both continuous diffusion and discon-

tinuous long-distance dispersal, and thus through strati-

fied dispersal (Shigesada et al. 1995), and (iii) that

human efforts to control WCR may account for the slight

increase in genetic variation in the direction of expansion.

A single origin for the CSE European outbreak

Invading populations may result from one or more intro-

duction events. In the case of repeated introductions from

genetically differentiated source populations into different

locations of a new area, we expect to observe, at least

transiently, a mosaic of genetically differentiated patches

within the area of expansion (e.g. Genton et al. 2005 for

the common ragweed; Voisin et al. 2005 for a brown

D. v. virgifera expansion in Central Europe Ciosi et al.
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alga). No such evidence of multiple introductions from

genetically differentiated source populations at different

sites was observed in the large area of the CSE European

outbreak of WCR. Indeed, measurements of interpopula-

tion genetic variation and spatial Bayesian clustering indi-

cated little or no genetic structure in the CSE Europe

area of expansion of WCR. This genetic homogeneity is

consistent with the homogeneity in susceptibility and

resistance to insecticides reported in CSE Europe (Ciosi

et al. 2009).

The highest Lifis values identified the northern USA

population as the source of all CSE European samples.

However, the minimum FST values identified Alsace

(France) as a possible source of some CSE European sam-

ples. This result is not particularly surprising given the

substantial genetic similarity between the Alsace and

northern USA populations (Ciosi et al. 2008). However,

we consider that the Alsace population is not a likely

source population for CSE European sites because (i) the

Alsace population was first observed in 2003 (the year of

CSE Europe sampling), (ii) population density was very

low in Alsace at this time (we analyzed all nine beetles

observed), (iii) Lifis values clearly identify the northern

USA population as the source population while FST do

not clearly identify Alsace and (iv) FST estimate is not

corrected to reduce the influence of bottleneck during

introduction (Gaggiotti and Excoffier 2000), in contrast

to Lifis (Pascual et al. 2007). Moreover, the hypothesis of

a common spatial origin (in northern USA) of individuals

sampled in CSE Europe could not be rejected for 700 of

the 706 individuals studied. Multiple introductions from

the same source population or from genetically similar

populations would be expected to be genetically equiva-

lent to a single introduction of a large number of individ-

uals (Roman and Darling 2007). However, this would

probably not be the case if the multiple introductions

occurred at different sites within the invaded area. The

hypothesis of multiple introductions from the same or

from genetically similar source populations at a single

location cannot therefore be rejected for CSE Europe, but

we found no evidence of multiple introductions into dif-

ferent locations within the CSE European area. Based on

the parsimony principle, this outbreak therefore probably

corresponds to a single expanding population originating

from a single introduction in the Belgrade area.

Expansion process in CSE Europe

The expansion process should leave specific genetic signa-

tures in invading populations. The simplest expansion

model for invading species, the ‘wave of advance’ model

(Fisher 1937), considers dispersal to be a random diffu-

sion process. Under this model, we expect a pattern of

genetic isolation by geographic distance, the intensity of

which depends on the balance between gene flow and

drift (Slatkin 1993). We detected such a pattern of genetic

isolation by geographic distance in the CSE European

outbreak of WCR, indicating greater gene flow between

geographically close than between geographically distant

locations, and thus that the dispersal of WCR is spatially

limited.

Theoretical studies have shown that founder events in

populations located at the edge of the expansion may

have two consequences: (i) substantial genetic differentia-

tion between the center and the periphery of a colonized

area (Le Corre and Kremer 1998; Excoffier and Ray 2008),

and (ii) a decrease in genetic variation in the direction of

colonization (Le Corre and Kremer 1998; Hallatschek and

Nelson 2008). A decrease in genetic variation in the direc-

tion of colonization has been documented for many

organisms (e.g. Prugnolle et al. 2005 for humans; Williams

et al. 2007 for Brazilian peppertrees). In CSE Europe, we

found population genetic differentiation to be weak and

we observed no decrease in genetic variation in the direc-

tion of colonization. This suggests an absence of succes-

sive major founder events at the front of the invaded area

during the expansion process or that the effect of dis-

persal outweighed the effect of genetic drift related to the

founder events. Theoretical and simulation studies have

shown that a combination of short- and long-distance

dispersal (i.e. stratified dispersal), during geographic

expansion may maintain genetic diversity in expanding

populations (Ibrahim et al. 1996; Le Corre and Kremer

1998; Davies et al. 2004; Bialozyt et al. 2006). However

this dispersal model does not account for the small

increase in genetic variation along the axis of colonization

suggested by the weak but significant positive correlation

of heterozygosity (H) with the year of first observation

and with the geographic distance from Belgrade in the

eastern transect. We argue that human activities, includ-

ing control measures against WCR in particular, could be

responsible for the observed pattern (no decrease in

genetic variation and even a small increase in the direc-

tion of colonization). Significant damage to crops in Ser-

bia and southern Hungary, has led to the establishment

of integrated pest management (IPM), including crop

rotation, which may have resulted in a decrease in WCR

population density. Such a decrease has been documented

in Serbia and southern Hungary following the establish-

ment of IPM (Ripka and Princzinger 2001; Sivcev and

Stankovic 2004; Boriani et al. 2006; Sivcev et al. 2009). In

2003, the year of sampling, IPM against WCR had been

used in Serbia for at least 5 years (Sivcev and Stankovic

2004; Sivcev et al. 2009) and in southern Hungary for

2 years (Ripka and Princzinger 2001). Few or no

WCR control methods were implemented in central and

D. v. virgifera expansion in Central Europe Ciosi et al.
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northern Hungary, and in the sampled areas of Austria

and Romania (Kiss et al. 2005). WCR populations may

thus have underwent a decrease in size in Serbia and in

southern Hungary, with this decrease more persistent in

Serbia, but no such decrease in population size was

observed further north. These demographic bottlenecks

were probably associated with genetic bottlenecks, which

lasted longer in Serbia than in southern Hungary. The

erosion of the genetic variation induced by these genetic

bottlenecks should thus have been stronger in Serbia than

in southern Hungary and absent in northern Hungary.

This may explain the pattern of absence of decrease and

even of small increase in genetic variation from Serbia to

northern Hungary suggested by our results. This hypothe-

sis is consistent with the significant genetic differentiation

observed between the sample collected at the location at

which WCR was first sighted in the study area (i.e. the

Belgrade-Airport sample) and almost all other samples.

Differences in population densities due to geographic and

temporal heterogeneities in control measures may fre-

quently occur in a number of pest species. It is therefore

possible that such a pattern of absence of decrease and

small increase in genetic variation during colonization

may be found in other invading pests for which control

strategies are used, above a certain density threshold.

We observed a pattern of genetic isolation by angular

distance together with a significant east-west genetic dif-

ferentiation in CSE Europe, suggesting that the expanding

population is divided into genetically differentiated sectors.

The fragmentation of a colonized region into genetically

differentiated sectors and the occurrence of allele frequency

clines parallel to the colonization front have recently been

attributed to a phenomenon called ‘gene surfing’ in

theoretical studies (Edmonds et al. 2004; Klopfstein et al.

2006). During ‘gene surfing’, rare alleles or mutations may

invade parts of the space not yet colonized due to genetic

drift at the edge of an expanding population (Hallatschek

et al. 2007; Excoffier and Ray 2008). However, in our case,

we observed no evidence of genetic drift at the edge of the

expansion (weak population genetic differentiation and no

loss of diversity in the direction of colonization.). An

anisotropic dispersal of WCR with effective dispersal more

frequent in the direction of expansion due to weak

competition beyond the front might also account for the

observed pattern. Computer simulation-based studies are

needed to test this hypothesis.

WCR is expanding in CSE Europe through stratified

dispersal

The Frickingen outbreak in south-eastern Germany

resulted from an introduction from the western part of

the CSE European WCR area. Similarly, the Friuli out-

break resulted from an introduction of WCR from the

center and/or the western part of the CSE European area.

Finally, Frickingen and the western part of the CSE Euro-

pean outbreak can both be sources of the Passau popula-

tion in south-western Germany. These geographically

isolated outbreaks thus probably result from long-distance

dispersal events from the continuously growing CSE

European area, with different degrees of genetic diversity

loss. Therefore, WCR appears to expand in CSE Europe

through both local continuous dispersal and discontinu-

ous long-distance dispersal. This corresponds to a strati-

fied dispersal (Shigesada et al. 1995) process, in which

satellite colonies are founded outside the main expanding

population. These colonies eventually merge with the

main expanding population and contribute to advance

the front (Shigesada et al. 1995).

Large distances (>300 km) separate the Friuli and

Frickingen outbreaks from their source populations, and

the Alps stand between the CSE European area of expan-

sion and both these isolated outbreaks. Moreover, the

CSE European outbreak was not the geographically closest

population to Friuli (when sampling was performed) and

to Frickingen. When they were first observed, these out-

breaks were closer to NW Italy and Alsace respectively.

Human activities may therefore be the chief means of

long-distance WCR dispersal in Europe, although north

American studies have also suggested a major role for

wind in the long-distance dispersal of WCR (Onstad et al.

1999; Isard et al. 2004). Whatever the means of transport,

stratified dispersal seems to have a major impact on the

geographic expansion of a species. The growth of satellite

colonies and their coalescence with the main expanding

population may lead to greater rates of geographic expan-

sion than observed in cases of expansion without long-

distance dispersal (Shigesada et al. 1995). Moreover, the

longer the length of the expansion front, the more fre-

quent long-distance dispersal events are likely to be.

Therefore stratified dispersal may also result in an acceler-

ation of the rate of expansion as the length of the front

increases whereas this rate remains constant in a continu-

ous diffusion (Shigesada et al. 1995). Metcalf (1983)

reported such an acceleration of the rate of geographic

expansion of WCR in the US Corn Belt and Gray et al.

(2009) concluded that it probably resulted from stratified

dispersal. A similar acceleration of the rate of expansion

of the CSE European population may therefore be

expected in the near future.

Conclusion

Genetic evidence suggest that a single introduction is

responsible for the foundation of the Central and South-

Eastern European outbreak of the western corn rootworm
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and that this invasive population is expanding through

stratified dispersal. Combined with historical documenta-

tion of population size and of the establishment of man-

agement strategies, our results also suggest that control

measures against the western corn rootworm are probably

responsible for genetic bottlenecks at the center of the

outbreak. Thus, human activities probably affect the pop-

ulation dynamics of the pest, fortuitously increasing its

capacity to disperse or deliberately decreasing pest popu-

lation densities, thereby globally affecting the population

structure of the western corn rootworm.
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