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Summary

Bottlenecks in population size reduce genetic diversity and

increase inbreeding, which can lead to inbreeding depres-

sion [1]. It is thus puzzling how introduced species, which
typically pass through bottlenecks, become such success-

ful invaders [2]. However, under certain theoretical condi-
tions, bottlenecks of intermediate size can actually purge

the alleles that cause inbreeding depression [3]. Although
this process has been confirmed in model laboratory

systems [4], it has yet to be observed in natural invasive
populations. We evaluate whether such purging could facil-

itate biological invasions by using the world-wide invasion
of the ladybird (or ladybug) Harmonia axyridis. We first

show that invasive populations endured a bottleneck of
intermediate intensity. We then demonstrate that replicate

introduced populations experience almost none of the
inbreeding depression suffered by native populations.

Thus, rather than posing a barrier to invasion as often
assumed, bottlenecks, by purging deleterious alleles, can

enable the evolution of invaders that maintain high fitness
even when inbred.

Results and Discussion

Reductions inpopulationsize, orbottlenecks, decreasegenetic
variation and lead to inbreeding, which can cause inbreeding
depression within introduced populations [1]. However, there
is growing recognition that the consequences of bottlenecks
are varied and that, under some circumstances, they can actu-
ally lead to increased individual and population performance
*Correspondence: facon@supagro.inra.fr
[5, 6]. We lack the ability to say whether positive effects of
bottlenecks are theoretical curiosities or whether they truly
influence the dynamics of natural populations [7]. One mecha-
nism by which bottlenecks can have positive effects is through
the purging of deleterious mutations that lead to inbreeding
depression [8]. Theory states that for purging to occur, the
reduction in population size should be of intermediate intensity
(i.e., ranging from 40–300 individuals, depending upon intensity
of selection) and the mutations leading to inbreeding depres-
sion should be strongly deleterious and highly recessive [3, 7].
Such purging of deleterious mutations has been demonstrated
empirically in artificially bottlenecked populations [4, 9, 10], but
given the conditions imposed, high rates of extinction have
been observed. This makes it difficult to directly extrapolate
tonatural populations [7]. Todate, studiesdocumentingapurge
of deleteriousmutations during bottlenecks are scarce and rely
on indirect evidence [5].
The ability of invasive species to dominate novel ecosys-

tems has been considered puzzling given that they typically
pass through bottleneck in population size during introduc-
tions ([2], although see [11]. Such bottlenecks have been
seen as detrimental to invasion success; the implicit assump-
tion is that they reduce genetic variation, and thereby inhibit
the ability of introduced species to adapt to their new environ-
ments, and that they increase inbreeding and associated
inbreeding depression [2]. However, it may be that rather
than increasing inbreeding depression, bottlenecks that occur
during invasions tend to be of the intensity that could enhance
invasion ability via the purging of the deleterious alleles under-
lying inbreeding depression.
Here, we use a world-wide invader, the harlequin ladybird

Harmonia axyridis (HA), as amodel system to examinewhether
bottlenecks might have led to reduced inbreeding depression
in invasive populations relative to native ones. Native to Asia,
HA was repeatedly introduced as a biological control agent
into North America and Europe, but for decades it failed to
establish itself. However, by 1988, it had not only established
itself in North America but had also rapidly become an invasive
pest on a world-wide scale. A recent study showed that inva-
sions of HA followed a bridgehead scenario [12], in which the
initial invasive population in eastern North America acted as
the source of the invasions into the European, South American,
and African continents (Figure 1). This result suggests that an
evolutionary shift that triggered invasion probably occurred in
the bridgehead population in eastern North America. With this
background knowledge, we first use data from neutral genetic
markers to test the hypothesis that the introduction of HA in
eastern North America was associated with a population
bottleneck, andwe evaluatewhether the size of this bottleneck
was of the appropriate level for purging to occur. Then, we
experimentally test the hypothesis that invasive populations
have evolved reduced inbreeding depression with respect to
life-history traits important for invasion success.
We investigated evidence for a bottleneck of an appropriate

intensity for purging to occur by using data from 18microsatel-
lite loci that we analyzedwith approximate Bayesian computa-
tion [13, 14]. Specifically, we evaluated whether a bottleneck
occurred during the introduction of HA from the native area
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Figure 1. Worldwide Routes of Invasion of Harmonia

axyridis

For each outbreak, the arrow indicates the most likely

invasion pathway [12]. Yellow and blue indicate native

and invasive areas, respectively. Years of first observa

tion of invasive populations are indicated. Abbreviations

correspond to the samples used in the experimental

study (see Experimental Procedures for further explana

tions).
into the bridgehead population from eastern North America
[12], and we estimated its intensity (see Supplemental Experi-
mental Procedures). Two sets of population samples were
considered as representative of the native and introduced
areas. In one, we used the same populations as those used
for the present quantitative genetics studies, and in the other,
we used the same populations as those analyzed in [12] to
make inferences about introduction routes in H. axyridis (see
Supplemental Information). We found that a scenario including
a bottleneck during the introduction was supported by very
high probabilities in comparison to a scenario without a bottle-
neck (see Supplemental Experimental Procedures). The high-
est joint posterior densities of the size and duration of the
bottleneck corresponded to values around 150 individuals
and 20 generations compared to an estimated stable effective
population size of several thousand individuals in the native
area (Figure 2). Similar results were obtained when we consid-
ered other sets of priors and data sets (Figure S1). These
results are well within the theoretical range that can lead to
the purging of deleterious alleles [3]. However, it has to be
noted that theoretical work is still needed to assess the range
of magnitudes and durations of bottlenecks that make purging
likely after introduction from a large equilibrium population.
Indeed, up to now, theoretical studies investigating the
purging of recessive mutations have mainly focused on muta-
tion-selection-drift equilibrium populations.

To test the premise that purging might have occurred during
the invasion of HA, we brought six natural field populations
into the laboratory and compared their fitness (Figure 1 and
Supplemental Experimental Procedures) under two contrast-
ing levels of consanguinity (inbred versus outbred). By using
three replicate populations from both the native and the inva-
sive ranges, we could evaluate differences between the ranges
robustly, providing a potent test of how the response to
inbreeding is affected by population status (native versus inva-
sive; see Supplemental Experimental Procedures). We
measured two traits clearly linked to fitness: generation time
and lifetime performance. Generation time is an important trait
to examine with respect to invasions because a shorter gener-
ation time leads to faster population growth [15]. Our measure
of lifetime performance accounts for both survival through the
life stages and subsequent reproduction. It thus represents
individual fitness well, and it is independent of generation
time (Supplemental Experimental Procedures).
We found that the generation time of inva-
sive populations is on average 6.3 days shorter
than that of native populations (p = 0.0005).
Invasion status and level of consanguinity
interact (p = 0.047; Figure 3 and Table S1)
such that the difference is most apparent in
inbred individuals. Native populations suffer
strong inbreeding depression with respect to
generation time (coefficient of inbreeding
depression, d = 0.21, p = 0.03), whereas invasive populations
suffer none (d = 20.05, p = 0.57) and are thus able to maintain
the outbred phenotype. A significant population effect nested
within the origin effect (Table S1) reveals that one native
population (Abakan, Russia) exhibits a longer generation
time in outbred treatment than the other native populations,
implying no significant inbreeding depression for this trait in
this population. As for generation time, invasive populations
have higher average lifetime performance than native ones
(p = 0.02), and there is a strong interaction between invasion
status and level of consanguinity (p = 0.001; Figure 3 and
Table S1). In general, native populations suffer intense
inbreeding depression (d = 0.59, p < 0.001), whereas invasive
populations do not (d = 0.12, p = 0.16).
For both traits, invasive individuals exhibit a decline in

inbreeding depression and are thus able to maintain the high
performance of the outbred phenotype. Inbred invasive indi-
viduals developed more quickly and attained a higher lifetime
performance than native ones (p = 0.0005 and 0.0057, respec-
tively), indicating that inbreeding depression decreased within
invasive populations, which is consistent with the predicted
purging of recessive deleterious mutations. Moreover, inbred
lines from invasive populations developed just as quickly
and attained just as high lifetime performance as outbred lines
from both invasive and native populations (Figure 3). Purging
leads to an overall increase in performance of the invasive
populations for these two traits closely linked to fitness, and
it might thus have boosted the invasiveness of HA. Indeed,
by shortening average generation time and increasing average
lifetime performance, the drop in inbreeding depression might
increase the population growth rate of invasive populations.
Our two main results, evidence of a type of bottleneck consis-
tent with the purging of alleles that lead to inbreeding depres-
sions (i.e., a bottleneck of intermediate intensity) and evidence
of such purging in two fitness-related traits, together match
the theoretical expectations well. Moreover, theory [3, 5] illus-
trates that the greatest purging occurs when inbreeding
depression is mainly due to mutations that are both strongly
deleterious and highly recessive, suggesting that inbreeding
depression in native populations of HA probably stems from
highly recessive and strongly deleterious mutations.
Several theoretical [3, 16] and empirical [8, 17, 18] studies

establish that consanguineousmating increases the efficiency
of purging. Geographical spread during the invasion process
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Figure 3. Generation Time and Lifetime Performance of Native versus Inva

sive Populations and Consanguinity of Inbred versus Outbred Populations

Circles represent native populations, and squares represent invasive ones.

Note that the y axis shows low values of generation time, which correspond

to high fitness, at the top, and high values of generation time (low fitness) at

the bottom. Mean values are 61.96 standard error. See also Table S1.
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Figure 2. Intensity of the Bottleneck Event Following the Introduction of

Harmonia axyridis in Eastern North America from Its Native Area

The joint densities of posterior distributions for the correlated pair of demo

graphic parameters number of individuals during bottleneck and bottleneck

duration (in number of generations) were obtained via ABC analysis of mi

crosatellite data under the introduction scenario 1 (Figure S1); prior set 1

was assumed (Table S1), and population samples were from Kyoto (Japan)

and Brookings (South Dakota, USA), taken as representative of the native

and introduced areas, respectively (i.e., the samples were from the same

populations as those used for the experiment). See Experimental Proce

dures for justification of population sampling and Figure S2 for complemen

tary results obtained with different priors and sampling combinations. The

black lines represent the 10% 90% highest density contours of the plot of

joint densities. Median value of the stable effective population size before

and after the bottleneck period was estimated at 2940 individuals (95%

confidence interval: 1220 8930). See also Figure S1.
can promote consanguineous mating in the invasion front.
Density in the front can be very low [19], setting up a situation
in which individuals from the same clutch have only each other
to mate with. In this scenario, purging could be further facili-
tated in invasive populations and could occur for a broader
range of population sizes and in populations with less strongly
recessive deleterious mutations.

The invasive populations used in our study are connected by
their recent history [12]: the eastern North American invasive
population is the main source of the South African and Euro-
pean invasive populations. It is hence probable that the reduc-
tion in inbreeding depression evolved only once, in eastern
North America, and was subsequently transmitted to the other
invasive populations. This mechanism could be responsible
for the North American’s status as an invasive bridgehead.
Because we obviously could not sample all locations within
the native range of HA, we cannot completely reject the
hypothesis that purging of deleterious alleles occurred within
the native range in an unknown way. The hypothesis that
purging occurred in the introduced range during the bottle-
neck period is nevertheless far more parsimonious.

Our results shed new light on four patterns commonly
observed in biological invasions. First, they help explain how
non-native species spread so rapidly when they become inva-
sive. Even small populations on the invasion front, in which
consanguineous matings are probable, can grow quickly
without being slowed by inbreeding depression if recessive
deleterious alleles have been purged. Second, our findings
might explain the ‘‘lag time’’ of invasions: the period of time
that is often observed between initial introductions and subse-
quent invasions [20]. This lag time could be due to negative
population growth and initially high rates of local extinction
associated with the purging of the deleterious alleles. Once
the recessive deleterious alleles are purged, explosive popula-
tion growth would follow. In HA, it could be that a high rate of
extinction of inbred populations contributed to the repeated
failures of efforts to establish populations for biological
control. Third, our results might explain the finding that
invasive populations often have higher performance than
native ones even when reared in a common environment.
This has been attributedmainly to adaptation to the new range
[21–23]. However, a purging of inbreeding depression could
explain, at least partly, the increase in performance without
invoking local adaptation. This mechanism could be particu-
larly appropriate when there is no obvious adaptive challenge
associated with the new introduced environment, as sus-
pected for HA. Finally, a shift toward selfing has been
observed in some invasive plants [24, 25]. Inbreeding depres-
sion is considered to be one of the main forces opposing the
evolution of self-fertilization [26]. A reduction in genetic load
during invasions could thus promote a shift from outcrossing
toward selfing in invasive plant populations.
Our results link, for the first time in natural populations,

bottlenecks of intermediate size during invasion with purging
of deleterious mutations. This purging results in the evolution
of populations that experience no inbreeding depression in
important fitness traits and leads to higher mean fitness rela-
tive to native populations. Thus, not only might bottlenecks
not pose the problems previously assumed for invasive
species [27], but they might actually facilitate invasion. This
kind of purging should be particularly important during the first
stages of the invasion (when there is a small effective popula-
tion size) and during the spatial expansion (at the front of inva-
sion), i.e., when mating between relatives is likely to occur
most frequently. After this stage, when invasive populations
reach a large, stable effective population size, it might be
that new deleterious mutations start to accumulate, and thus
inbreeding depression might return to invasive populations.

Experimental Procedures

Biological Material

Three native populations (Kyoto in Japan [KYO], Novosibirsk [NOV], and

Abakan [ABA] in Russia) and three invasive populations (Croix [FRA] in
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France, Brookings [DAK] in South Dakota USA, and Bethlehem [SAF] in 
South Africa) were sampled in the wild between 2007 and 2008. The loca
tions were chosen because they cover major parts of the current native 
and introduced distribution of H. axyridis (Figure 1), and the native range 
populations are within the region likely to have been the source of the inva
sion [12]. In each population, 80 100 adults were collected. See Supple
mental Information for further details on sampled populations.

Inferences about the Bottleneck Event
Two field collected samples, Kyoto and Brookings, representing the native 
and bridgehead invasive populations, respectively, were genotyped at 18 
microsatellite markers. Using approximate Bayesian computation (ABC), 
we analyzed two competing introduction scenarios that differed by the 
presence or absence of a bottleneck event after introduction. We assessed 
the robustness of our ABC inferences by considering two different sets of 
prior distributions and by processing our analyses on a second 
microsatellite data set that included other representative population 
samples (see Supplemental Experimental Procedures).

Quantitative Genetic Experiment

For each of the six populations sampled, 100 field collected (G0) individuals 
initiated populations in the laboratory. We maintained these populations for 
two generations under strictly controlled conditions to minimize potential 
biases due to maternal effects (see Supplemental Information). We then 
created two types of crosses: inbred (between pairs of siblings) and 
outbred (between unrelated individuals of the same population). For the two 
types of G3 individuals produced, we measured hatching rate, larval 
survival, development time, time to sexual maturity, and fecundity. Finally, 
we analyzed two combined traits linked to fitness: generation time and 
lifetime performance (see Supplemental Experimental Procedure). To 
calculate generation time, we added egg to adult development time and 
time to reach sexual maturity into a single cumulative measure. We 
obtained a measure of lifetime performance by multiplying hatching rate by 
larval survival by subsequent fecundity for each family and cross. We 
analyzed these data by using mixed model ANOVAs. Origin (invasive versus 
native), treatment (inbred versus outbred), population nested in origin, and 
their interactions were entered as fixed effects. Family nested within 
population was treated as a random effect.

Supplemental Information

Supplemental Information includes Supplemental Experimental Proce

dures, one figure, and one table and can be found with this article online at 
doi:10.1016/j.cub.2011.01.068.
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Table S1 (Related to Figure 3). Results of statistical analyses for lifetime performance and generation time. Population-level 

means for generation time are added due to the significance of the population effect for this trait. 

Sources Test statistic P 

(A) Lifetime Performance

Fixed effects F (df) 

treatment 26,91 (1;45,3) <0,0001 

origin 5,77 (1;47,4) 0,0203 

population (origin) 0,24 (4;46,4) 0,9152 

origin × treatment 11,97 (1;45,3) 0,0012 

pop (origin) × treatment 1,91 (4;43,8) 0,1251 

Random effect Wald test 

fam(pop) 1.41 0.0789 

(B) Generation time Population-level means 

Fixed effects F (df) Inbred Outbred 

treatment 1,72 (1;45,7) 0,1962 
Invasive 

populations 

origin 13,90 (1;46,1) 0,0005 CRO 20.55 23.76 

population (origin) 2,60 (4;45) 0,0486 DAK 22.77 21.33 

origin × treatment  4,15 (1;45,7) 0,0474 SAF 23.76 24.66 

pop (origin) × treatment 0,56 (4;44,4) 0,6956 
Native 

populations 

Random effect Wald test ABA 34.01 32.28 

fam(pop) 0.30 0.3817 KYO 26.91 21.53 

NOV 34.18 25.07 
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Figure S1 (Related to Figure 2). Intensity of bottleneck event following the introduction of H. axyridis in eastern North America 

from its native area: robustness of results. The presented joint posterior densities of number of individuals during bottleneck and bottleneck 

duration (in number of generations) were all obtained using ABC analysis of microsatellite data under the introduction scenario 1 (Figure S2). In 

(A), the analysis was achieved using the prior set 2 (Table S2) and data set 1 (Table S3). In (B) and (C), we used the prior set 1 and 2 (Table S2), 

respectively, and the data set 2 (Table S3). The black lines represent the 10 to 90% highest density contours of the plot of joint densities. Median 

values of the stable effective population size before and after the bottleneck period were 6090 individuals (95% confidence interval: 1220 – 

8930) for (A), 7890 (95% CI: 4250 – 14460) for (B) and 11200 (95% CI: 5280 – 17600) for (C). 
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Supplemental Experimental Procedures 

Biological material 

Harmonia axyridis is native to Asia and invasive in North and South America, Europe, and Africa. It originally was introduced into North 

America and Europe as a biological control agent against aphids [28]. Despite repeated introductions, initiated in 1916 in North America and in 

1982 in Europe, it did not establish readily. Suddenly, it not only established, but became invasive in four different continents. The invasion of 

North America started first, in 1988 [29], Europe and South America were invaded in 2001 [30, 31] and Africa in 2004 [32]. It is now considered 

to be a pest, and a harmful predator of non-target arthropods, a household invader, and a pest of fruit production [28]. Lombaert et al. [12] used 

Approximate Bayesian Computation on microsatellite data to demonstrate that the invasion followed what has been called a bridgehead scenario, 

with the oldest invasive population in eastern North America acting as the source, or bridgehead, for the colonists that invaded Europe, South 

America and Africa with some admixture with a biological control strain in the case of Europe (Figure 1). 

Population sampling 

Three live native populations and three live invasive populations were sampled in the wild between 2007 and 2008. The locations were 

chosen to cover major parts of the current distribution of H. axyridis (Figure 1) and to encompass the native regions used for biological control 

sampling [12]. The native range samples were from Kyoto (Japan, KYO), Novosibirsk and Abakan (Russia, NOV and ABA respectively). The 
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invaded range samples included Croix (France, FRA), Brookings (South Dakota, USA, DAK) and Bethlehem (South Africa, SAF) (Figure 1). In 

each population around 100 adults were collected (with ~1:1 sex ratio). It could be argued that only representative native and introduced 

populations have been sampled, and not necessarily the actual source and introduced HA populations. It is worth stressing, however, that we 

genotyped at 18 microsatellite markers [33] a large number of HA population samples collected within the eastern and western parts of the native 

range (9 locations) as well as within all invaded areas (more than 50 locations). Such analysis processed at selectively neutral markers confirms 

the genetic homogeneity of invasive populations within each area, except parts of Europe and to a lesser extent, South America (EL and AE, 

unpublished results). Therefore, the population samples used in this study, either for life history trait analysis or bottleneck analysis (see below), 

are likely to provide an appropriate representation of the main native and invasive populations over large geographic areas. Our sample size of 

three live populations per range (native and introduced) for life history trait analysis is, as required by logistical constraints, relatively low, While 

this lessens our statistical power to discern differences between the native and introduced range populations, differences we do find are likely to 

be ecologically significant. 

Approximate Bayesian computation (ABC) to make inferences about the bottleneck event during introduction 

Native populations of Harmonia axyridis in eastern Asia were genetically homogeneous over large geographic distances and introduced 

populations in eastern North America were homogeneous over large geographic distances (unpublished results, see also [12]). The bridgehead 

invasion scenario illustrated in Figure 1 brought us to focus our ABC estimations of the demographic parameters on the bottleneck event that 
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occurred during the introduction from the native range in eastern Asia into eastern North America. Two sets of population samples were 

considered. In a first sampling set, we used field-collected samples from the same populations than those used for the present quantitative 

genetics studies, i.e. Kyoto (Japan; n = 26) and Brookings (South Dakota, USA; n = 30), as representative of the native and introduced areas, 

respectively. In a second sampling set, we used field collected population samples similar to those analysed in [12] to make inferences about 

introduction routes in H. axyridis. More precisely, we used a pool of individuals collected in eastern Asia (Beijing - China, Shilin city - China 

and Fuchu – Japan; n = 99) and individuals collected in the first H. axyridis invasive foci observed in eastern North America (Joyce – Louisiana - 

USA; n = 34) as representative of the native and introduced areas, respectively. Details on this second set of population samples can be found in 

the Table S2 of [12]. We genotyped the two sets of population samples at the same 18 microsatellite markers [33]. 

Genetic variation within and between populations was summarized using a set of statistics traditionally employed in ABC [13, 34] (Table 

S3). We considered two competing introduction scenarios that differed by the presence or absence of a bottleneck event following introduction 

(Figure S2). The ABC analyses were performed using parameter values drawn from the prior distributions described in Table S2 and by 

simulating 2 x 10
6
 microsatellite data sets for each competing scenario. We estimated the posterior probabilities of the competing scenarios using

a polychotomous logistic regression on the 1% of simulated data sets closest to the observed data set, as defined by Euclidian distances [14]. The 

selected scenario is that with the highest probability value with no overlapping of the 95% confidence interval. We then estimated the posterior 

distributions of demographic parameters under the selected scenario (i.e. the introduction scenario with a bottleneck event; see Figure S2) using a 

local linear regression on the 1% closest of 2 x 10
6
 simulated data sets [13]. The joint posterior densities of the demographic parameters of
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interest, i.e. the effective number of individuals during bottleneck and the bottleneck duration (in number of generations), were estimated using 

the geneplotter R package [35]. The 10 to 90% highest density contours obtained using a personal R function based on the library locfit were 

then superimposed on the plot. The robustness of our ABC inferences were assessed considering two different sets of prior distributions and by 

processing our analyses on the two different data sets described above and in Table S2.  

Table S2. Two sets of prior distributions of demographic, historical and mutation parameters used in ABC analyses 

Notes: The time of first observation (To) was translated into generation numbers running back in time from sampling time in 2007 to first 

observation in eastern North America in year 1988 by assuming 2.5 generations per year in prior set 1, and 3 generations per year in prior set 2. 

Ns = stable effective population size (number of diploid individuals); Nb = effective number of individuals during the post-introduction bottleneck 

period lasting Db generation(s). For microsatellite marker parameters, the loci were assumed to follow a generalized stepwise mutation model 

[39] with two parameters: the mean mutation rate (  ) and the mean parameter of the geometric distribution ( P ) of the length in number of

repeats of mutation events. Each locus has a possible range of 40 contiguous allelic states and is characterized by individual µloc and Ploc 

values, with µloc and Ploc drawn from a Gamma (mean =   and shape = 2) and a Gamma (mean = P  and shape = 2) distribution, respectively 

[40]. Uneven insertion/deletion events that were detected for several of our microsatellite loci based on observed allele sizes (i.e. allele lengths 

were sometimes not multiple of the motif length implying that there has been insertion-deletion mutations [39, 41]) were also simulated with a 

mean mutation rate SNI  (for single nucleotide instability) and SNIloc drawn for each locus from a Gamma (mean = SNI  and shape = 2). 
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Boundaries of distributions are in brackets. Parameters of Normal and Gamma distributions are in parentheses. In prior set 2, Normal, 

Loguniform and Gamma distributions are truncated between the same boundaries as in prior set 1. All prior quantities presented were computed 

from 100,000 values. NA = not applicable. 

Prior Set 1 Prior Set 2 

parameters Distribution Mean Median Mode Quantile 

2.5% 

Quantile 

97.5% 

Distribution Mean Median Mode Quantile 

2.5% 

Quantile 

97.5% 

Ns Uniform 

[100 – 20,000] 

10,056 10,040 NA 640 19,490 Normal 

(10,000 ; 5,000) 

9,993 9,990 9,980 1,640 18,340 

Nb Uniform 

[1 – 300] 

151 151 NA 8 292 Uniform 

[1 – 300] 

151 508 NA 8 292 

Db Uniform 

[1 – 30] 

15 15 NA 1 29 Uniform 

[1 – 30] 

15 15 NA 1 29 

T0 Fixed at 47 

generations 

NA NA NA NA NA Fixed at 58 

generations 

NA NA NA NA NA 


Uniform 

[10-5 – 10-3] 

5.0x10-4 5.0x10-4 NA 3.5x10-5 9.8x10-4 Loguniform 

[10-5 – 10-3] 

2.1x10-4 1.0x10-4 1.0x10-5 1.1x10-5 8.9x10-4 

P
Uniform 

[0.1 – 0.3] 

0.2 0.2 NA 0.10 0.29 Gamma 

(30 ; 136) 

0.22 0.22 0.21 0.15 0.29 

SNI
Uniform 

[10-8 – 10-4] 

5.0x10-5 5.0x10-5 NA 2.5x10-6 9.7x10-5 Loguniform 

[10-8 – 10-4] 

1.1x10-5 1.0x10-6 1.0x10-8 1.3x10-8 7.9x10-5 
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Table S3. Summary statistics of microsatellite data used for ABC analysis of bottleneck event with the corresponding observed 

values in the two sets of analyzed H. axyridis population samples. 

Note: N = native population sample; I = introduced population sample. Data set 1 = we used population samples from Kyoto (Japan) and 

Brookings (South Dakota, USA) as representative of the native and introduced areas, respectively. Data set 2 = we used a pool of individuals 

collected in eastern Asia (Beijing - China, Shilin city - China and Fuchu - Japan) and individuals collected in the first H. axyridis invasive foci 

observed in USA (Louisiana) as representative of the native and introduced areas, respectively. NAL_i = mean number of alleles in the native (i 

= N) or introduced (i = I) population, HET_i = mean expected heterozygosity [42], VAR_i = mean allelic size variance, MGW_i = mean ratio of 

the number of alleles over the range of allele sizes [43], Fst = Fst value between the native and introduced populations [44], LIK_i_j = mean 

individual assignment likelihoods of population i assigned to population j [41], H2P = mean expected heterozygosity pooling samples from the 

native and introduced populations, V2P = mean expected heterozygosity pooling samples the native and introduced populations. Populations N 

and I correspond to the populations 1 and 2 in Figure S2 respectively. 
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Summary Observed value 

statistics Data set 1 

(nN = 26; nI = 30) 

Data set 2 

(nN = 99; nI = 34) 

NAL_N     6.9444 10.3333 

NAL_I 5.4444 5.8889 

HET_N 0.5865 0.6007 

HET_I 0.5674 0.5530 

VAR_N 2.8448 2.7893 

VAR_I 2.7469 2.5955 

MGW_N 1.0176 0.9015 

MGW_I   0.9577 0.9394 

N2P  8.0556 10.8333 

H2P      0.5810 0.5922 

V2P  2.8085 2.7668 

FST  0.0333 0.0170 

LIK_N_I 1.3392 1.2088 

LIK I N   1.2234 1.0408 
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Figure S2. Graphic representation of the two competing scenarios considered in ABC analysis of microsatellite data focusing on the 

introduction of H. axyridis in eastern North America (Pop 2) from its native area (Pop 1).  

Notes: To and Time 0 are the first observation year in eastern North America (1988) and the sampling year (2007), respectively. The 

scenarios 1 and 2 correspond to an introduction with and without a bottleneck event with Nb individuals during Db generations, respectively. All 

parameters with associated prior distributions are described in Table S2. Ns stands for the stable effective population size. The green line 

corresponds to the relative position of the bottleneck. 
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Quantitative genetic experiment 

For each of the six populations sampled, we created families with inbred and outbred branches, and then compared their performance to 

evaluate whether introduced populations exhibit a different level of inbreeding depression than native populations (Figure S3). First, field 

sampled individuals (G0) were used to initiate populations in the laboratory that were maintained for two generations under strictly controlled 

conditions to minimize potential biases due to maternal effects (Figure S3). For these first generations and the rest of the experiment, individuals 

were fed with ionized Ephestia kuehniella (Lepidoptera: Pyralidae) eggs and maintained at 23 °C, 65% relative humidity, with a photoperiod of 

L:D 14:10. From the G0 individuals, we created around 50 pairs to produce the following generation by keeping one new male and female from 

each pair. We then randomly created 50 pairs of G1 individuals to produce the G2 individuals in the same way. During this step, males and 

females were separated immediately after emergence to prevent mating. They were then maintained in the same environmental conditions for 

two weeks to ensure that all individuals had reached reproductive maturity. All this procedure allowed us to minimize the risk of purging or 

fixation of deleterious alleles.  

The experiment started with the creation of the third generation. Mature G2 adults were used to create two types of crosses: inbred and 

outbred. Inbred crosses were between pairs of siblings, and outbred were between unrelated individuals of the same population. At the end of the 

experiment, we genotyped all the parents at eighteen microsatellites [33] and confirmed the difference of kinship between the two types of 

crosses for both native and invasive populations using the software SPAGeDi [36] (average kinship: 0.21 and -0.08 for native inbred and outbred 
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crosses, respectively, and 0.18 and -0.02 for invasive inbred and outbred crosses, respectively). We employed this protocol for 10 families per 

population, where each family was initiated with two sisters: one mated with a brother and one mated with an unrelated male. We collected and 

isolated two clutches of G3 eggs with at least 20 eggs per clutch from each couple. At the day of hatching (the fourth day), 8 larvae were 

randomly chosen and each isolated for individual monitoring in a small cylindrical box (height = 2 cm; diameter = 5 cm).  

The following traits were measured on the eggs and larvae (Figure S3). (i) Hatching rate was determined by counting eggs from all 

clutches and recording the number of living larvae after four days divided by the number of eggs in the clutch. (ii) Larval survival was scored 

daily. (iii) Development time was recorded as the period it took for individuals to develop from an egg into an adult. 

A subset of individuals reaching adulthood was used for two additional measurements (iv – v). Ten days after emergence, one female per 

family and per cross was presented with potential mates. Each female was presented with a single male for a period of 24 hrs, and this was 

repeated three times with three different males during the course of a week. This procedure minimized density effects (e.g., delayed growth or 

reduced fecundity in paired individuals due to competition) while leaving time for multiple copulations to occur. Males were randomly chosen 

from the stock colony obtained with different mixing of individuals from the six populations to minimize bias due to male identity. (iv) Time to 

sexual maturity was estimated for the mated females by scoring the day when each first laid a clutch of eggs. At a maximum, we followed 

females for 60 days, after which we noted a failure to reproduce at all. (v) Fecundity was estimated as the number of eggs laid during the first 

eight days after the start of oviposition.  
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Figure S3. The rearing of H. axyridis, creation of inbred and outbred lines, and performance measurements taken. G0 individuals 

were collected from six field sites, and used to initiate G1 colonies reared in uniform conditions. Ten G2 families from each site were used to 

create inbred and outbred lineages of each family. Numbering of measured traits follows the description in Supplemental Experimental 

Procedures. 
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Data analysis 

We analyzed two combined traits linked to fitness for the experimental G3 individuals: generation time and lifetime performance. To 

calculate generation time, we added egg-to-adult development time and time to reach sexual maturity into a single cumulative measure. Lifetime 

performance was obtained by multiplying hatching rate by larval survival by subsequent fecundity for each family and cross.  

These data were analyzed using mixed-model ANOVAs (PROC MIXED, [37]). Origin (invasive vs. native), treatment (inbred vs. 

outbred), population nested in origin and their interactions were entered as fixed effects. Family nested within population was treated as random 

effect. A difference in the strength of inbreeding depression between native and invasive populations is revealed by the interaction term origin × 
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treatment. We used linear estimates (ESTIMATE statement) to evaluate the direction and significance of differences between inbred and outbred 

within origins. Finally, for each trait, we calculated the proportional reduction in fitness due to inbreeding depression (δ) following Fox [38]. For 

generation time, δ = (Meaninbred – Meanoutbred)/Meanoutbred (the proportional increase of generation time), and for lifetime performance δ = 

(Meanoutbred – Meaninbred)/Meanoutbred. Results are given in Table S1. 
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