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BREVIA

Multiple Transatlantic Introductions
of the Western Corn Rootworm

Nicholas Miller,’ Arnaud Estoup,Z Stefan Toepfer,3
Denis Bourguet,? Laurent Lapchin,’ Sylvie Derridj,*
Kyung Seok Kim,” Philippe Reynaud,®
Lorenzo Furlan,” Thomas Guillemaud™*

Prevention of biological invasions, as opposed
to remedial eradication of invasive species,
represents the most cost-effective and perhaps
only hope for stemming the current homoge-
nization of the world’s biota (/). Here we de-
scribe the introduction routes into Europe of
the western corn rootworm (Diabrotica virgi-
fera virgifera, WCR), the most destructive pest
of corn in the United States. Armed with this
knowledge, it will be possible to better gauge
the prevention strategies that might be adopted.

WCR was first detected in Europe in the
former Yugoslavia in 1992 and has since spread
throughout much of central and southeastern (CSE)
Europe (2). Outbreaks of WCR were subsequently
detected in northeast Italy in 1998 (in Veneto),
2002 (in Pordenone), and 2003 (in Udine); in
northwest Italy and Switzerland in 2000; near
Paris, France, in 2002 and 2004; and in eastern
France, Switzerland, Belgium, the United King-
dom, and the Netherlands in 2003 (2). Although
the invasion history of WCR is well documented,
the source populations of the Western European
outbreaks remain unknown. Because of the
sequence of outbreaks, CSE Europe was generally
assumed to be the source of most, if not all, the
Western European populations (3). However, in
principle, each outbreak could have originated
from North America, CSE Europe, or one of the
other Western European foci.

To discriminate between these introduction
scenarios, we analyzed the genetic variation of
European and American WCR populations at
eight microsatellite loci (4, 5). Simple genetic
statistics gave useful but qualitative insights into
the origin of most European outbreaks (35) (table
S1). We then used a model-based approximate
Bayesian computation (ABC) method relying
on computer simulations (9, 6) to quantitatively
compare the different introduction scenarios for
the Western European WCR populations (Fig. 1).

Our results are clear-cut and unexpected. Two
of the Western European populations analyzed
did not originate from CSE Europe but directly
from North America; this scenario was supported
by Bayes factors (BF) higher than 10° and
posterior weights (PW) of ~1 for the northwest-
ern Italy and Paris 2002 populations. Moreover,
these introductions were independent from each
other (BF > 159 and PW > 0.94). According to
our analysis, the northeastern Italy 2003 outbreak
was the only one to originate from CSE Europe
(BF = 183 and PW = 0.94), and the eastern
France population was derived from the Paris
2002 population (BF' = 3.9 and PW = 0.45). The
only population with ambiguous origins was
Paris 2004, which could have been derived either
from North America (BF = 2.05 and PW = (.70)
or from Paris 2002 (PW = 0.22). The presence
of unsampled European populations acting as
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Fig. 1. The most likely scenarios of invasion into Europe by WCR, deduced from the ABC analysis. For
each European outbreak, a red arrow indicates its most likely origin; the PW values of the introduction
scenarios are in parentheses. Gray arrows represent unresolved scenarios. Large areas where WCR is
present are shown in orange. BF values supporting the most likely scenarios of 3.2 to 10 (substantial
support), 10 to 100 (strong support), and >100 (decisive support) are indicated by one, two, or three

asterisks, respectively; ns, not supported.

alternative introduction sources for the three pri-
mary outbreaks (CSE Europe, northwestern
Italy, and Paris 2002) could be ruled out. This
was true whether the unsampled population was
one of those detected in 2003 (BF > 10* and
PW ~ 1) or a hypothetical population founded
in the 1980s (BF > 3.6 and PW > 0.68).

It has been widely assumed that the European
WCR invasion was the result of a single
unpredictable introduction. Our finding that there
have been at least three independent transatlantic
introductions of WCR suggests that incursions
from North America are chronic. Prevention of
future WCR invasions will require action against
multiple invasion routes, which have apparently
been used repeatedly and are potentially predict-
able. Our study also raises questions concerning
the changing circumstances (such as adaptation
by the insect or changes in control measures or
transportation practices) that have permitted a
sudden and recent burst of transatlantic intro-
ductions of WCR.
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Supporting Online Material: Materials and Methods

The analyzed samples (Table S1) were genotyped using 7 microsatellite markers
described previously (S1) and DVV-ET1 (for: 5-ATGAAATGCCCGATGAAAAG-3 and
rev: 5-TTCCAACATAGTTGTCATCATC-3'). Genetic variation was summarized using
several statistics: The mean number of alleles per locus and population, mean
heterozygosity (52), mean ratio of the number of alleles over the range of allelic sizes
expressed in base pairs (S3), between-population Fst values (S4), and mean individual

assignment likelihoods of individuals from population i assigned into population j (Lis;;

(S5)).

The qualitatively deduced origin of each European outbreak is the sample for which
Lisj is maximised and the Fsr-value is among the smallest (Table S1). This approach

remains qualitative because stochastic variation in Fst and L-; is not taken into account.
Moreover, it assumes that all putative source populations were sampled which is not the
case.

A quantitative Approximate Bayesian Computation method that accounts for
stochastic variation in the summary statistics and does not assume that all source
populations were sampled was used to estimate Bayes factors (BF (S6)) and posterior
weights (PW) of the favoured introduction scenarios. BF and PW combine prior and
posterior historical and genetic information to provide evidence in favour of a given
introduction scenario versus alternative scenarios. This method relies on simulating genetic
data according to an introduction scenario and genetic and demographic parameters. For
each introduction scenario the distribution of Euclidian distances between the summary
statistics of actual and simulated genetic data is then computed from one million iterations.
The extreme low end of the distribution (representing the simulations with parameter values
that gave results closest to the observed data) is then used to estimate BF and PW (S7,S8).
Note that BF make pairwise comparisons of scenarios whereas PW are computed
considering all possible scenarios. We used a stochastic procedure specifically written to
iteratively simulate genetic data using a coalescent framework (S9).

For each pair of European populations, three introduction scenarios were considered:
1) A serial introduction scenario in which an initial introduction occurred from North
America into the first outbreak, and then from there into the second outbreak; 2) An
American independent introduction scenario in which the two European outbreaks were
founded by two independent introductions from North America; and 3) a European
independent introduction scenario in which the two European outbreaks were
independently founded by individuals originating from an unsampled European population,
itself originating from North America. We assumed that this unsampled European
population could be one of the unsampled outbreaks detected in 2003 (i.e. the UK, the
Netherlands or Belgium). We also confirmed that our conclusions held if we considered an
older undetected outbreak founded in the 1980s. If we had not considered the third
scenario, and if two European outbreaks were founded from an unsampled European
population, one could conclude that they were founded independently by two American
introductions when in fact there was a single introduction from North America.



Each outbreak was assumed to be founded by a small effective number of founders,
Ns, originating from a source population. We also assumed that N¢ remained constant for a
few generations (bottleneck duration) and then instantaneously reached a stable effective
population size, Ns, that was the same for all populations. Because of the small population
size soon after introduction, a time lag is likely to exist between the actual date of
introduction and the date of first observation of a newly founded population. Each outbreak
was thus characterized by (i) its geographic origin (North America or another European
population), (ii) Ny, (iii) the duration of the bottleneck, DB and (iv) the time lag, TL,
between the actual introduction year and the first observation year.

Each possible introduction scenario was given the same prior weight, and the prior
distributions chosen for the demographic and mutational parameters of our models were as
follows. Ns: logUniform[100; 100000] (5% and 95% quantiles of 141 and 7916); N
logUniform[1; 100] (5% and 95% quantiles of 1 and 79). Generation time: one year (S10).
DB: Discrete Uniform[1; 5]. TL: Custom Discrete[1; DB] defined as follows: we assumed
that the probability of observing WCR increases with the time since introduction, and we
arbitrarily chose that the probability of observing the beetles n years after the actual

introduction year (pn) was such that pn = g pn -1; We also assumed that once at Ns, the WCR

population was observable with a probability of 1. Mean mutation rate [t : logUniform[10
% 5x107] (5% and 95% quantiles of 1.2x10* and 4.1x10°®) (S11). Single locus mutation
rates p: Gamma(2; 2/ |1 ) (5% and 95% quantiles of 5.6x10™ and 4.9x10°). We used the
generalised stepwise mutation model (S12), in which the change in the number of repeat
units forms a geometric distribution with a variance Vg: Exp(0.36) (S11) (5% and 95%
quantiles of 0.02 and 1.08).



Table S1
Outbreak
CSE NW Italy  NE Italy-2003  Paris-2002  Paris-2004 Eastern

Putative Europe France
source
North America -7.7 (0.08) -7.8 (0.08) -8.3(0.22) -8.3 (0.02) -8.2 (0.05) -8.2 (0.03)
CSE Europe - -13.7 (0.20) -4.7 (0.13) -14.6 (0.14) -12.1(0.15) -14.4(0.11)
NW lItaly -13.9 - -15.0 (0.40) -12.7(0.15) -11.3(0.14) -12.4(0.16)
NE Italy-2003 -11.1 -17.9 - -21.3(0.38) -18.0(0.30) -19.5(0.36)
Paris-2002 -9.4 -10.1 -11.2 - -10.8 (0.11) -8.9(0.01)
Paris-2004 -11.5 -10.3 -11.6 -13.1 - -14.0 (0.14)
Eastern France -9.2 -11.0 -10.1 -9.3 -9.9 -
Deduced origin North North CSE Europe North North North

America America America America America

or Paris-2002

Most likely invasion scenarios of Europe by the western corn rootworm deduced from mean assignment
log-likelihood of individuals from the European outbreaks (columns) to putative source populations
(rows), and Fsr-values between pairs of populations (in parentheses). The deduced origin of each
European outbreak is the sample for which the assignment likelihood is maximised and the Fsr-value is
among the smallest (values in bold). Studied outbreaks were those detected near Paris in 2002 (n=9) and
2004 (n=63), in North-Western Italy (n=40) and North-Eastern Italy in 2003 (n=17), and in Eastern
France (n=7). The CSE European samples (n=34-40) were genetically undifferentiated (p > 0.05) and
were therefore pooled. The same was true for the samples collected from lowa, Ohio and Illinois (n=53-

61).
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