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Abstract  The spotted wing drosophila (Dros-
ophila suzukii), a major invasive pest of soft fruits 
native to Asia, has recently expanded across South 
America. Reconstructing its invasion history is criti-
cal for understanding the demographic and evolution-
ary processes shaping biological invasions. Here, we 
infer the origin, invasion pathways and demographic 

dynamics of D. suzukii in South America, with a 
particular focus on Chile. We used mitochondrial 
COI sequences and an updated global microsatel-
lite dataset (25 loci, 27 populations) to reconstruct 
invasion routes and estimate demographic param-
eters by  applying Approximate Bayesian Computa-
tion (ABC) and ABC-Random-Forest frameworks. 
Mitochondrial data support a sequential colonisation 
through the Americas and reveal a strong reduction 
of  genetic diversity in Chile. Microsatellite-based 
analyses provide higher resolution and uncover weak 
differentiation among eastern and central US popula-
tions but marked divergence among western US pop-
ulations, consistent with multiple introductions. In 
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South America, strong genetic continuity links Bra-
zil, Argentina, and Chile, with Chilean populations 
forming a tight cluster derived from Argentina. Our 
analyses also support a single introduction into Chile 
followed by rapid, stepwise latitudinal expansion. 
Demographic inference indicates recurrent bottle-
necks of variable intensity and heterogeneous admix-
ture during the invasion of the Americas, highlighting 
the role of serial founder events and secondary spread 
in shaping genetic structure. Post-inference goodness-
of-fit analyses indicate that the inferred scenario can-
not be rejected given the observed data. Overall, our 
results refine the reconstruction of invasion routes at 
a continental scale and illustrate how large, stand-
ardized genotype datasets analysed with ABC-RF 
advance inference on large-scale invasion histories 
and support pest management.

Resumen  La mosca del alas manchada (Drosophila 
suzukii), una importante plaga invasora de frutos de 
pulpa blanda y originaria de Asia, que ha colonizado 
recientemente Sudamérica. La reconstrucción de la 
historia de invasión es fundamental para comprender 
los procesos demográficos y evolutivos que dan forma 
a las invasiones biológicas. En este estudio inferimos 
el origen, las rutas de invasión y la dinámica demográ-
fica de D. suzukii en Sudamérica, con un enfoque 
particular en Chile. Para ello, utilizamos secuencias 
mitocondriales del gen COI y un conjunto de datos 
actualizado de microsatélites a nivel mundial (25 loci, 
27 poblaciones). Estos datos fueron utilizados para re-
construir las rutas de invasión y estimar parámetros 
demográficos mediante enfoques de cálculo bayesiano 
aproximado (ABC) y ABC combinado con bosques 
aleatorios (ABC-RF). Los datos mitocondriales res-
paldan una colonización secuencial a través de las 
Américas y revelan una fuerte reducción de la diversi-
dad genética en Chile. Los análisis basados en micro-
satélites ofrecen una mayor resolución. Estos revelan 
una débil diferenciación entre las poblaciones del este 
y el centro de Estados Unidos, pero una marcada diver-
gencia entre las poblaciones del oeste de Estados Uni-

dos, lo cual concuerda con múltiples introducciones 
en esta región. En Sudamérica, una fuerte continui-
dad genética conecta a Brasil, Argentina y Chile, y 
las poblaciones chilenas forman un grupo homogéneo 
que proviene de Argentina. Nuestros análisis también 
respaldan una única introducción en Chile, seguida de 
una rápida expansión latitudinal y en etapas sucesivas. 
La inferencia demográfica indica cuellos de botella re-
currentes de intensidad variable y niveles heterogéne-
os de mezcla genética durante la invasión de las Amé-
ricas. Estos resultados resaltan el papel de sucesivos 
eventos fundadores y eventos secundarios de propa-
gación en la estructuración genética. Los análisis de 
bondad de ajuste (goodness-of-fit) realizados después 
de la inferencia indican que el escenario inferido no 
puede rechazarse dados los datos observados. En gen-
eral, nuestros resultados refinan la reconstrucción de 
las rutas de invasión a una escala continental e ilustran 
cómo se pueden utilizar grandes conjuntos de datos 
estandarizados de genotipos, analizados con ABC-RF, 
para realizar inferencias sobre la historia de invasión 
a gran escala, así como en qué medida estos análisis 
pueden contribuir al manejo de plagas.

Résumé  Originaire d’Asie, la drosophile à ailes ta-
chetées (Drosophila suzukii), ravageur invasif majeur 
des petits fruits, a récemment colonisé l’Amérique du 
Sud. Reconstruire l’histoire des  invasions  est essen-
tiel pour comprendre les processus démographiques 
et évolutifs qui façonnent les  invasions  biologiques. 
Nous inférons ici l’origine, les routes d’invasion et 
la dynamique démographique de D. suzukii en Amé-
rique du Sud, avec un focus sur le Chili. Pour ce faire, 
nous avons utilisé des séquences mitochondriales du 
gène COI et un jeu de données microsatellites mon-
dial mis à jour (25 locus, 27 populations). Ces données 
ont servi à reconstruire les routes d’invasion et à es-
timer des paramètres démographiques clefs, au moyen 
d’approches de calcul bayésien approché (ABC) et 
d’ABC adossé à des forêts aléatoires (ABC-RF). Les 
données mitochondriales soutiennent une colonisa-
tion séquentielle à travers les Amériques et révèlent 
une forte réduction de la diversité génétique au Chili. 
Les analyses fondées sur les microsatellites offrent une 
meilleure résolution. Elles mettent en évidence une 
faible différenciation entre les populations de l’est et 
du centre des États-Unis, mais une divergence mar-
quée entre les populations de l’ouest des États-Unis 
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cohérente avec des introductions multiples dans cette 
dernière zone. En Amérique du Sud, une forte conti-
nuité génétique relie le Brésil, l’Argentine et le Chili, 
les populations chiliennes formant un groupe très ho-
mogène issu de l’Argentine. Nos analyses soutiennent 
également une introduction unique au Chili, suivie 
d’une expansion latitudinale rapide et par étapes suc-
cessives. L’inférence démographique indique des gou-
lots d’étranglement récurrents d’intensité variable et 
des niveaux de mélange génétique hétérogènes au cours 
de l’invasion des Amériques. Ces résultats soulignent 
le rôle d’effets fondateurs successifs et d’évènements 
de dispersion secondaire dans la structuration géné-
tique. Les analyses d’adéquation (goodness-of-fit) 
menées à la fin du processus d’inférence indiquent 
que le scénario final inféré ne peut pas être rejeté au 
vu des données observées. Globalement, nos résultats 
affinent la reconstruction des routes d’invasion à une 
large échelle continentale, et montrent comment de 
grands jeux de génotypes standardisés, analysés par 
ABC-RF, peuvent être utilisés pour des inférences sur 
des histoires d’invasion à large échelle et dans quelle 
mesure ces analyses peuvent contribuer à la gestion 
des ravageurs.

Keywords  Demographic processes · Invasion 
genetics · Pest insects · Pest management · Population 
genetics · Spotted wing drosophila

Introduction

Biological invasions are a major driver of global change, 
with important ecological, evolutionary, and economic 
consequences (Lockwood et al. 2013). Invasive insects 
are of particular concern because of their high mobility, 
rapid reproduction, and ability to exploit human-mod-
ified environments, often leading to severe impacts on 
agroecosystems (Estoup et al. 2026). The spotted wing 
drosophila (Drosophila suzukii Matsumura 1931) has 
become one of the most damaging invasive insect spe-
cies worldwide. Unlike most drosophilids, D. suzukii 
females lay their eggs in intact ripening fruit with a ser-
rated ovipositor, and the resulting larvae inflict major 
economic losses in berry and stone  fruits (Cini et  al. 
2014; Asplen et al. 2015). Since its first report outside 
Asia in Hawaii in the early 1980s (Kaneshiro, 1983), D. 
suzukii has been detected in continental North Amer-
ica (Hauser 2011), Europe (Calabria et  al. 2012), and 
more recently in South America (Deprá et  al. 2014; 

Santandino et al. 2015; González et al. 2015; Bizama 
2020) and Africa (Boughdad et al. 2021). Several traits 
can explain the success of D. suzukii as invasive spe-
cies, notably its high reproductive rate and broad host 
range, which limit rapid and effective control measures 
following introduction (Cini et al. 2012).

Understanding invasion processes requires recon-
structing the routes of invasion, i.e., the introduc-
tion pathways and demographic events underlying 
establishment. Population genetics offers powerful 
tools to understand biological invasions, providing 
insights into source populations, bottlenecks, admix-
ture events, and bridgehead effects (Estoup and Guil-
lemaud 2010; Cristescu 2015; Estoup et  al. 2016). 
For D. suzukii, several studies have clarified aspects 
of its global expansion (Adrion et al. 2014; Fraimout 
et  al. 2017; Lewald et  al. 2021). In North America, 
genetic data point to contributions from native Asian 
populations as well as Hawaiian introduced lineages. 
On the other hand, European populations are more 
genetically homogeneous and genetic data suggest 
independent introductions, with China being the most 
likely source with a limited gene flow from the east-
ern USA. Such results highlight the fact that invasion 
dynamics are rarely straightforward, often involving 
recurrent introductions—sometimes from genetically 
differentiated sources—and secondary spread. South 
American populations of D. suzukii remain compara-
tively less studied (but see Ferronato et al. 2019; de 
la Vega et  al. 2020), despite its relevance as both a 
fruit-exporting region and a more recently colonized 
area. After initial detections in Brazil (Deprá et  al. 
2014) and Argentina (Cichón et al. 2015), D. suzukii 
was first reported in Chile in 2017 (Bizama 2020), 
where it is currently expanding its latitudinal dis-
tribution range across more than 2,000  km (García 
et  al. 2022; SAG 2025). Chile is of particular inter-
est in the context of invasion biology due to its long 
latitudinal range, strong climatic gradients and rela-
tive geographic isolation (notably imposed by the 
Andes to the east), as well as its heavy reliance on 
fruit production for export. These features provide 
an opportunity to study how invasive species become 
established, spread, and potentially adapt in different 
environments.

From a methodological perspective, mitochon-
drial DNA (mtDNA) has been widely used in inva-
sion genetics due to its extensive availability in 
genetic databases and its usefulness in making broad 



	 F. Pinilla et al.  249   Page 4 of 21

Vol:. (1234567890)

phylogeographic inferences (Hurst and Jiggins 2005). 
However, its maternal inheritance and single-locus 
nature constrain its resolution, limiting its ability to 
discriminate between competing invasion scenarios, 
especially when recent or complex demographic pro-
cesses are involved. By contrast, nuclear microsatel-
lite markers provide a higher level of detail for infer-
ring fine-scale population structure, bottlenecks, and 
admixture, particularly when analysed within a global 
comparative framework (Estoup et al. 2016; Fraimout 
et  al. 2017). Together, analyses based on mtDNA 
and microsatellites provide a robust foundation for 
reconstructing invasion histories. Importantly, for 
D. suzukii, a large, standardized microsatellite data-
set already exists, covering worldwide populations 
with markers well distributed across the genome. 
This approach makes individual-level genotyping 
straightforward, cost-effective, and highly informa-
tive for reconstructing recent demographic events, 
advantages that remain more difficult to achieve with 
whole-genome sequencing for large sample sizes. 
Although combining datasets can be more challeng-
ing with microsatellites, their scalability and resolu-
tion for contemporary invasion processes make them 
especially valuable in this context.

In addition to their relevance for evolutionary biol-
ogy, genetic approaches play an increasingly impor-
tant role in pest management (Sentis et  al. 2022). 
Molecular markers can be integrated into surveillance 
programmes to detect new introduction events, track 
spread, and assess the adaptive potential of invasive 
pests (Estoup et  al. 2016; McGaughran et  al. 2024). 
This is particularly relevant for D. suzukii, whose 
rapid global expansion is strongly driven by fruit 
trade and human-mediated dispersal. Monitoring 
genetic diversity over time can inform demographic 
changes and emerging adaptive responses, including 
the evolution of resistance to control measures (e.g., 
insecticides, biological control), thereby supporting 
quarantine policies and integrated pest management 
strategies. Effective implementation, however, relies 
on rigorous and reproducible protocols to link newly 
generated data to existing reference datasets, as well 
as on efficient computational frameworks capable of 
updating invasion scenarios as additional populations 
are sampled and genotyped. These methodological 
requirements are increasingly critical as genetic data-
sets expand and management agencies seek timely, 
actionable information.

In this study, we used mitochondrial COI 
sequences and an updated global microsatellite data-
set to reconstruct the invasion history of D. suzukii in 
South America, with particular emphasis on its recent 
establishment and spread in Chile. Because infer-
ence on South American invasion routes depends on 
the accurate placement of these populations within 
the broader worldwide expansion of the species, we 
also reassessed selected upstream components of the 
global invasion scenario previously proposed for D. 
suzukii.

More specifically, we addressed four main ques-
tions: (i) How do the levels and patterns of genetic 
diversity and differentiation observed in South Amer-
ican, and particularly Chilean, populations compare 
with those found in the native range and in other 
invaded regions? (ii) Which native-range populations 
provide the most appropriate genetic proxies for the 
early Hawaiian and western US introductions, and is 
the low differentiation among central and eastern US 
populations better explained by independent introduc-
tions or by descent from a shared unsampled ancestral 
population? (iii) Which source populations, introduc-
tion routes, and demographic processes, including 
bottlenecks, admixture, and secondary spread, best 
explain the successive establishment of D. suzukii 
in Brazil, Argentina and Chile? and (iv) Did Chil-
ean populations originate from a single or multiple 
external sources, and are their genetic relationships 
consistent with a serial latitudinal expansion within 
Chile? Beyond these questions, we emphasised the 
practical value of molecular tools for pest manage-
ment by demonstrating how newly generated geno-
typing data can be reliably integrated into an existing 
global reference dataset and how advanced statistical 
frameworks can be efficiently applied to increasingly 
large datasets to update invasion scenarios and sup-
port genetic pest surveillance.

Materials and methods

Sampling

Adult individuals of D. suzukii were collected from 
three locations in Chile and one location in Argen-
tina using a commercial attractant (Suzukiitrap®) 
and preserved in 95% ethanol at 4  °C. Sampling 
took place between May and July 2023 in Santiago 
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(CL-Rm; 33°34′23.05″ S, 70°37′52.28″ W), Chillán 
(CL-Bc; 36°36′22.54″ S, 72°6′8.41″ W), and Villar-
rica (CL-Ar; 39°17′26.211″ S, 71°59′57.82″ W) in 
Chile, and in February 2023 in Golondrinas (AR-Gol; 
42°01′00.0′′ S, 71°31′20.0′′ W) in Argentina. In addi-
tion, the Agricultural and Livestock Service of Chile 
(SAG) provided ethanol-preserved flies that were 
collected in Villarrica, Chile, in 2017 (CL-Ar2017, 
39°17′26.211″ S, 71°59′57.82″ W), approximately 
one month after the species was officially recorded in 
Chile for the first time. All specimens were examined 
under a stereoscope, with species identification con-
firmed based on morphological characteristics (i.e., 
the black spot on wings for males and the serrated 
ovipositor for females).

Molecular methods

For mtDNA sequencing, genomic DNA was 
extracted from whole individual flies using the salt-
ing-out method (Sunnucks and Hales 1996). The 
mitochondrial COI gene was PCR amplified using 
M13-tailed primers CO1490 and HCO2198 (Fol-
mer et  al. 1994). The PCR mix volume was 12  μl 
and included 1X MasterMix Platinum Hot Start II 
(Thermo  Fisher  Scientific), 0.8  μM forward and 
reverse primers, and 1–5  ng/μl DNA template. The 
amplification conditions were as follows: initial dena-
turation at 95 °C × 2 min, 40 cycles of denaturation at 
95 °C × 30 s, annealing at 53 °C × 30 s, extension at 
72 °C × 30 s, and a final extension at 72 °C × 5 min. 
Amplification was evaluated on a 2% agarose gel, 
where expected PCR products of ~ 800  bp were 
observed. PCR amplicons were sequenced by AUS-
TRAL-omics (Universidad Austral de Chile, Val-
divia, Chile) using the Sanger method. Chromato-
grams were manually inspected and edited in ProSeq 
v2.91 (Filatov 2002), resulting in final sequences of 
601  bp. Microsatellite genotyping (DNA extraction, 
PCR amplification, and allele scoring) followed the 
protocol described in Fraimout et  al. (2015), using 
the same 25 microsatellite loci genotyped in Fraimout 
et al. (2017). To verify that these markers were suf-
ficiently distant from one another to be treated as 
statistically independent, we mapped the 25 loci 
onto the latest chromosome-level assembly of the D. 
suzukii genome (Camus et al. 2025) using the UCSC 

In-Silico PCR tool (Kent et  al. 2002) (see Table  S1 
for details).

Linking a new microsatellite dataset to the existing 
reference database

It is crucial that new datasets can be reliably linked 
to existing reference databases when large-scale and 
long-term genetic monitoring studies are being car-
ried out. This task is challenging when microsatel-
lites are used because allele scoring at such molecular 
markers can vary across runs, laboratories, or plat-
forms. A rigorous experimental design is therefore 
essential. We carefully integrated our new microsat-
ellite dataset into the large dataset (i.e., 23 popula-
tions sampled worldwide in the species’ native and 
invaded areas) from Fraimout et al. (2017). First, we 
selected 24 individuals for whom DNA had previ-
ously been stored from Fraimout et al. (2017) dataset 
to obtain genotypes covering the full range of micros-
atellite allele sizes detected in D. suzukii to date. Sec-
ond, we re-genotyped these 24 individuals, known as 
“anchor-genotyped individuals”, alongside genotyp-
ing the four new South American populations: AR-
Gol, CL-Ar, CL-Bc, and CL-Rm. Finally, following 
this integration, we re-read all the inferred genotypes 
and attempted to obtain genotypes for individuals 
with unreadable ones by processing a second PCR 
on their DNA. This was done in both the four newly 
genotyped South American populations and the 
23-population reference database of Fraimout et  al. 
(2017), for which DNA extractions were still avail-
able. The objective was to minimise the number of 
undetermined genotypes in the updated microsatellite 
dataset. Our careful rereading process sometimes led 
us to identify new alleles, which were usually rare, 
and remove certain ones. Ultimately, we obtained an 
updated and refined global dataset comprising 779 
individuals, representative of 27 populations and 
genotyped at 25 microsatellite loci. This dataset con-
tained only 0.56% null genotypes, compared to 0.85% 
in the original dataset of Fraimout et al. (2017). The 
complete updated microsatellite dataset, coded in 
a 3-digit GENEPOP format (Raymond and Rous-
set 1995), is publicly  available through Recherche 
Data Gouv: Estoup & Loiseau (2026), https://​doi.​org/​
10.​57745/​VXLA6U. https://​entre​pot.​reche​rche.​data.​
gouv.​fr/​datav​erse/​inrae

https://doi.org/10.57745/VXLA6U
https://doi.org/10.57745/VXLA6U
https://entrepot.recherche.data.gouv.fr/dataverse/inrae
https://entrepot.recherche.data.gouv.fr/dataverse/inrae
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We compared a broad range of descriptive metrics 
of within- and among-population genetic variation 
between the original dataset of Fraimout et al. (2017) 
and the updated microsatellite dataset, and found 
only minor differences (results not shown). Accord-
ingly, the ABC-RF analyses used by Fraimout et  al. 
(2017) to reconstruct invasion routes yielded highly 
consistent qualitative and quantitative results across 
the two datasets, particularly regarding the posterior 
probabilities of the best-supported scenarios (results 
not shown). These results supported the use of the 
updated microsatellite dataset, comprising 779 indi-
viduals from 27 populations, while allowing us to rely 
primarily on the invasion-route inferences reported by 
Fraimout et al. (2017).

Genetic diversity and population structure

We used our new mtDNA haplotype dataset to 
place Chilean populations within a broader phylo-
geographic context. To this end, we downloaded all 
available D. suzukii COI sequences from GenBank 
using the keywords “Drosophila suzukii” and “COI”. 
A total of 441 sequences were retrieved, representing 
populations from the United States, Canada, Europe, 
Japan, South Korea, China, Brazil and Argentina. 
Sequence processing and filtering were performed 
using the DECIPHER v2.28.0 package for R (Wright 
2016). The final datasets included Chilean and Gen-
Bank-derived sequences (511 bp), which were stand-
ardized using ProSeq (Filatov 2002).

Genetic diversity indices for COI were estimated 
using DnaSP v6.12.03 (Rozas et  al. 2017), includ-
ing the number of haplotypes (K), haplotype diversity 
(Hd), number of polymorphic sites (S), and average 
number of differences between pairs of sequences (π). 
For comparative purposes, populations were grouped 
into invasive (United States, Canada, Europe, Brazil, 
Argentina, and Chile) and native (China, Japan, and 
South Korea) categories. Diversity indices were com-
pared between these invasive and native populations 
using the Wilcoxon rank-sum test for independent 
samples implemented in RStudio v4.3.1 (Posit Team 
2023). We also estimated the FST among pairs of 
populations and performed an analysis of molecular 
variance (AMOVA) using Arlequin v3.5 (Excoffier 
and Lischer 2010). For both analyses, 10,000 per-
mutations were performed and a significance 

P-value < 0.05 was defined. For the AMOVA, popu-
lations were grouped into four regions: Region 1—
South America (Argentina, Brazil, and Chile), Region 
2—North America (Canada and USA), Region 3—
Europe, and Region 4—Asia (China, Japan, and 
South Korea). Finally, a haplotype network was con-
structed using PopART v1.7 software (Leigh and 
Bryant 2015).

Regarding the global updated microsatellite data-
set, we used the adegenet R package (v2.1.11; Jom-
bart 2008) to estimate (i) the level of genetic variabil-
ity within samples by calculating the mean observed 
and expected heterozygosity (Ho and He; Nei 1987) 
and the corrected allelic richness (Ac), and (ii) the 
genetic structure between sample sites by comput-
ing pairwise FST values. Ac, Ho and He were com-
pared between invasive and native populations (see 
Table S5) using the Wilcoxon rank-sum test for inde-
pendent samples using RStudio v4.3.1 (Posit Team 
2023). We also performed Discriminant Analysis of 
Principal Components (DAPC; Jombart et  al. 2010) 
as implemented in the R package adegenet (v2.1.11). 
We further investigated population genetic structure 
using the Bayesian clustering approach implemented 
in STRU​CTU​RE v2.3.4 (Pritchard et  al. 2000). To 
examine hierarchical structure at different geographic 
scales, we performed three complementary analyses: 
(i) all 27 worldwide populations; (ii) the 13 American 
populations, comprising eight populations from the 
US and five from South America; and (iii) a balanced 
subset comprising five populations from the conti-
nental US (US-Wat, US-Sdi, US-Nca, US-Gen, and 
US-Col) and the five South American populations. 
The five US populations were selected to represent 
the major components of genetic variation identified 
within the continental US, including two differenti-
ated western populations and three representatives 
of the weakly differentiated central/eastern popula-
tion group. This balanced analysis was used to assess 
whether the inferred structure between the continen-
tal US and South America was sensitive to unequal 
regional representation. For each dataset, K ranged 
from 1 to 10, with 10 independent runs per K, using 
the admixture model with correlated allele frequen-
cies. Each run consisted of a burn-in of 50,000 itera-
tions followed by 1,000,000 MCMC iterations. Rep-
licate runs were aligned and averaged, and individual 
membership coefficients were visualised using the R 
package pophelper v2.3.1 (Francis 2017). The ΔK 
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method of Evanno et al. (2005) was used to identify 
the main hierarchical levels of genetic structure rather 
than a single definitive number of clusters.

Invasion routes reconstructed using mtDNA data

To determine the most probable origin of the D. 
suzukii populations in Chile, we performed an 
Approximate Bayesian Computation (ABC) analysis 
using DIYABC v2.0 software (Cornuet et  al. 2014). 
For this analysis, 30 South Korean samples were 
excluded from the dataset because they were asso-
ciated with low-frequency haplotypes exclusively 
found in South Korea; their inclusion did not quali-
tatively affect the inferred results (not shown). The 
remaining samples from South Korea were grouped 
into a single unit with China and Japan representing 
the native range, and the US and Canadian samples 
were grouped into a single unit representing North 
America. Following Fraimout et al. (2017), we mod-
elled an introduction event as a divergence without 
subsequent gene flow from the source population in 
the ABC analyses. The introduction event was set to 
occur at a time corresponding to the date of the first 
record (allowing an additional 0–4 years as the upper 
bound for introduction time) in the invaded area and 
was translated as the number of generations assuming 
12 generations per year (Lin et al. 2014). Each intro-
duction event was immediately followed by a bottle-
neck period, characterized by a smaller effective pop-
ulation size, after which the population size returned 
to a stable level (Table S2). We evaluated the follow-
ing five alternative introduction scenarios into Chile, 
each scenario having 23 demographic and mutational 
parameters (Fig.  S1): Scenario 1 = sequential intro-
duction via North America, Brazil, and Argentina; 
Scenario 2 = direct introduction from the native range; 
Scenario 3 = direct introduction from North America; 
Scenario 4 = direct introduction from Europe; and 
Scenario 5 = sequential introduction via North Amer-
ica and Brazil. These scenarios were constructed 
based on fruit trade routes between Chile and other 
countries from 2013 to 2017 (ODEPA 2024). For the 
ABC simulations, we used demographic parameter 
prior distributions similar to the prior set 1 proposed 
in Fraimout et  al. (2017) (see also Table  S2). As 
there is no species-specific COI mutation rate estima-
tion available for D. suzukii, a uniform mutation rate 

ranging from 1 × 10−8 to 3 × 10−8 substitutions per 
site per generation was used, in line with estimates 
for Drosophila melanogaster (Satta et  al. 1987). A 
Kimura 2-parameter substitution model of sequence 
evolution was applied (Kimura 1980).

The most likely introduction scenario and its pos-
terior probability estimate were determined using a 
logistic regression based on the Euclidean distance 
between observed and simulated summary statistics. 
All single-sample and two-sample summary statistics 
proposed by DIYABC v2.0 for mtDNA sequences 
were used (total = 123 summary statistics). For the 
regression step, 50,000 simulations were retained, 
corresponding to 1% of the full set of 5 × 106 simu-
lations (i.e. 106 simulations per scenario). Follow-
ing Cornuet et  al. (2014), we evaluated the confi-
dence in identifying the best-supported scenario for 
our observed mtDNA dataset (i.e., scenario 1 as we 
will see later) by computing the posterior predictive 
errors of type I and type  II for such scenario. This 
involved simulating 1,000 pseudo-observed datasets 
(PODs) and drawing the scenario ID and parameter 
values with replacement from the 100 simulated data-
sets closest to the observed dataset, out of the total 
of 5 × 106 simulated datasets recorded in the reference 
table. We used the same procedure as described above 
to assess for each POD which scenario had the high-
est posterior probability. We then calculated the type 
I and type  II posterior predictive error rates. Type I 
errors occur when scenario 1 is the true model (Ho is 
true), but another scenario is selected (Ho is rejected). 
Type II errors occur when scenario 1 is not the true 
model (Ho is false), but scenario 1 is nevertheless 
selected (Ho is not rejected).

Invasion routes revealed by the microsatellite data

For this dataset, we used the Approximate Bayes-
ian Computation Random Forest (ABC-RF) meth-
odology (Collin et al. 2021) to infer invasion routes. 
Compared to more traditional ABC methods, such as 
those used for the mtDNA dataset, ABC-RF enables 
the estimation of the probability of the best scenario 
and the distribution of parameters, while substantially 
reducing the computational load (Collin et al. 2021). 
ABC-RF approaches are therefore particularly well 
suited to analyzing large datasets, such as our updated 
microsatellite dataset. The method enables robust 
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discrimination among complex invasion routes and 
estimation of key demographic parameters, including 
the intensity of introduction bottlenecks and levels of 
genetic admixture among multiple sources. Readers 
are invited to consult Pudlo et al. (2016), Raynal et al. 
(2019), and Collin et al. (2021) for detailed statistical 
descriptions and testing of the ABC-RF method.

In line with Fraimout et  al. (2017), we employed 
historical data (i.e., the dates on which each invasive 
population was initially observed) to conduct six sets 
of ABC-RF analyses. The details of these analyses 
are presented in Table S3. Since the main results of 
the ABC-RF analyses carried out by Fraimout et  al. 
(2017) were confirmed using our updated microsatel-
lite dataset, the six sets of new analyses focused on 
four objectives: (i) to refine the identification of the 
most appropriate genetic proxies for the origin of the 
native source populations in Japan and China; (ii) to 
test whether a single, unsampled ancestral population 
could explain the low genetic differentiation observed 
among the central and eastern US populations (US-
Nca, US-Wis, US-Gen, and US-Col); (iii) to infer the 
genetic origins of the five South American popula-
tions represented in the microsatellite dataset, namely 
BR-Poa (Brazil), AR-Gol (Argentina), and CL-Ar, 
CL-Bc, and CL-Rm (Chile); and (iv) to test whether 
the Chilean populations originated from single or 
multiple external sources and whether their genetic 
relationships were compatible with a continuous lati-
tudinal expansion across Chile (i.e. CL-Bc derived 
from CL-Ar and CL-Rm from CL-Bc).

In our ABC-RF analyses, we modelled introduc-
tion events from single or multiple source popula-
tions and bottleneck periods following Fraimout 
et al. (2017). The parameterization of the scenarios 
and the prior distributions of the demographic and 
mutational parameters were identical to those in 
Fraimout et  al. (2017) (see detailed prior distribu-
tion set 1 in Table S8 of Fraimout et al. 2017). The 
only exceptions were the lower bounds of the priors 
for the divergence time between native populations 
(set to 2000 generations instead of 0) and for the 
stable effective population sizes (set to 1000 indi-
viduals instead of 10,000). These adjustments were 
made to simplify the simulation setup (i.e., to avoid 
unnecessary time-event conditioning in DIYABC 
coding) and to broaden the range of plausible 
long-term population sizes, respectively. Prelimi-
nary tests indicated that these minor changes had 

no impact on the ABC-RF inferences (results not 
shown). The datasets were summarized using the 
full set of microsatellite statistics implemented in 
DIYABC, identical to those used in Fraimout et al. 
(2017).

Two types of ABC-RF analysis were conducted. 
The first type involves situations in which fewer than 
10 scenarios are compared. In this case, we performed 
a standard ABC-RF analysis on a training set com-
prising 10,000 simulations for each scenario. This 
RF analysis was repeated 10 times (on the same train-
ing set) to better evaluate the stability of the results 
and estimate the average probability and standard 
deviation for the best scenario (i.e., the one with the 
highest number of votes), as well as determine how 
many times this best scenario was identified across 
all 10 analyses. The second type of ABC-RF analysis 
involves comparing more than ten scenarios. In this 
case, we first performed a pruning procedure using a 
lightweight ABC-RF analysis. The aim was to reduce 
the number of computationally expensive simulations 
required to build the training set and to prevent over-
sizing of Random Forests, which can lead to excessive 
memory usage and prohibitive computation times. 
The pruning ABC-RF analysis is a heuristic statistical 
method in which only 2,000 simulations are produced 
for each scenario using the command-line software 
DIYABC v1.1.54, which is available at https://​diyabc.​
github.​io/​cli/ (Collin et al. 2021). We then used the R 
package abcrf v1.9 (Pudlo et  al. 2016; Raynal et  al. 
2019) to analyze those simulations using RF algo-
rithms with only 500 trees per forest. The pruning RF 
analysis was repeated 10 times (on the same training 
set), and the average number of votes was calculated 
for each scenario. Only scenarios associated with an 
average number of votes > 5% (i.e., > 25 votes) were 
retained as potential candidates for a second, stand-
ard, and thorough ABC-RF analysis. In the second 
ABC-RF analysis, we used a training set of 10,000 
simulations per retained scenario, analysed using 
Random Forests with 1000 trees. The analysis was 
repeated 10 times (on the same training set) to assess 
result stability and to estimate the mean probability, 
standard deviation, and selection frequency of the 
best-supported scenario (i.e. the scenario receiving 
the highest number of votes). A detailed description 
of the statistical treatment applied to each ABC-RF 
analysis performed within the scope of this study is 
presented in Table S3.

https://diyabc.github.io/cli/
https://diyabc.github.io/cli/
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Our parameter estimation focused on two types 
of demographic events that are considered key 
potential drivers of invasion success and that leave 
strong signatures in genetic data: the severity of bot-
tlenecks during the formation of new populations, 
and the extent of genetic admixture (Estoup et  al. 
2016). Bottleneck severity was defined as the ratio 
of bottleneck duration to the number of effective 
individuals during this period (Pascual et al. 2007). 
ABC-RF estimations were processed in accord-
ance with the methodology outlined by Raynal et al. 
(2019) using the R package abcrf v1.9 on a training 
set comprising 40,000 simulations generated under 
the final scenario, with 1,000 trees per forest.

As the final step in the analysis process, we con-
ducted an objective evaluation of the DIYABC-RF 
inferences using a recently developed statistical 
method known as Post-Inference Goodness of Fit 
(Post-GoF; Le Mailloux et  al. 2026). This method 
estimates how well a statistical model fits the 
observed data. It is useful for models with intrac-
table likelihood, as was the case here. We used the 
R package abcgof v0.0.1 (Le Mailloux et al. 2026) 
to perform the post-GoF test on the final inferred 
scenario. This test determines whether the scenario 
omits any significant evolutionary features that 
could explain the observed dataset. If this is the 
case, then the multi-parameter posterior distribution 
conditional on the observed dataset has a poor pro-
pensity to generate multi-dimensional summary sta-
tistics close to those corresponding to the observed 
dataset, and the post-GoF test is associated with a 
low p-value. More specifically, we computed the 
post-GoF p-value from a dataset of 100,000 simu-
lations generated under the final scenario. With 
25 loci available, we kept the full dataset rather 
than splitting it as recommended by Le Mailloux 
et  al. (2026) (see that reference for discussion of 
the rationale and implications of this choice). We 
further retained the 1,000 best simulations (cor-
responding to a threshold of 1%), keeping 500 of 
these for calibration of the test. We used the rejec-
tion method and the Local Outlier Factor (LOF) 
score for this propose. Readers are invited to con-
sult Le Mailloux et al. (2026) for detailed statistical 
descriptions of the post-GoF test. The median and 
95% Highest Density Intervals (HDIs) of the post-
GoF p-value were calculated from 500 bootstrapped 
iterations of calibration particles.

Results

Genetic diversity

In the global mtDNA dataset (Table S4), native popu-
lations exhibited significantly higher numbers of hap-
lotypes, haplotype diversity and polymorphic sites 
than invasive populations (W = 0.000, P = 0.020 for 
all three tests). However, no significant differences 
were observed for nucleotide diversity (π) (W = 7.000, 
P = 0.710). Notably, Chilean populations exhibited 
particularly low diversity indices relative to both 
native and other invasive populations (see Table S4), 

Fig. 1   MtDNA COI haplotype network of worldwide D. 
suzukii populations. Each mtDNA haplotype is represented by 
a circle. The size of each circle represents the haplotype fre-
quency, and the colour of each circle corresponds to the sam-
ples included in the analysis. HM and HB labels indicate high- 
and low-frequency haplotypes, respectively
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which is consistent with a recent secondary introduc-
tion. Among Chilean populations, CL-Ar exhibited 
the highest haplotype diversity (Hd = 0.622), while 
CL-Ar2017 exhibited the lowest value (Hd = 0.343). 
In terms of the number of polymorphic sites, the 
highest values were observed in CL-Ar2017, CL-Ar, 
and CL-Bc, whereas the lowest value was observed in 
CL-Rm. Overall, pairwise sequence differences were 
close to one across populations, with CL-Ar exhibit-
ing the highest values.

Regarding the microsatellite dataset (Table  S5), 
estimates of genetic diversity within populations, 
based on allelic richness (Ac), observed heterozygo-
sity (Ho), and expected heterozygosity (He), revealed 
significant differences between native and invasive 
populations (W = 126, P = 6.8 × 10−6 for Ac, Ho and 
He). This is consistent with demographic bottlenecks 
occurring during the invasion process. Native Asian 
populations displayed the highest levels of genetic 
diversity. For example, CN-Lan, CN-Lia and CN-Shi 
exhibited a mean (corrected) allelic richness of over 
8, and Ho and He values of around 0.82 (CN-Lan: 
Ac = 8.58, Ho = 0.815, and He = 0.828). Japanese sam-
ples showed slightly lower values (JP-Tok: Ac = 7.87, 
Ho = 0.765, and He = 0.793; JP-Sap: Ac = 7.69, 
Ho = 0.766, and He = 0.790), though these were still 
higher than those of all invasive populations. In con-
trast, invasive populations exhibited reduced diver-
sity. The oldest invasive sample, collected on the 
island of Hawaii (US-Haw), exhibited the lowest 
diversity, with Ac = 3.65, Ho = 0.617, and He = 0.617, 
consistent with severe demographic reduction dur-
ing introduction and/or persistently low effective 
population size. European invasive populations also 
exhibited reduced diversity relative to those of the 
native range (e.g., SP-Bar: Ac = 5.55, Ho = 0.692, 
and He = 0.717; IT-Tre: Ac = 5.24, Ho = 0.699, and 
He = 0.705). Western and eastern continental US 
populations retained intermediate levels of diversity 
(e.g., US-Wat: Ac = 6.13, Ho = 0.743, and He = 0.761; 
US-Sdi: Ac = 5.84, Ho = 0.751, and He = 0.745; US-
Wis: Ac = 5.61, Ho = 0.738, and He = 0.750). South 
American populations displayed a  further erosion of 
genetic diversity, with BR-Poa (Brazil) at Ac = 5.64, 

Fig. 2   DAPC for various sets of D. suzukii populations geno-
typed at 25 microsatellite loci. Populations from Brazil, Argen-
tina and Chile are in orange, blue and green colour, respec-
tively

▸
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Ho = 0.76,3 and He = 0.747 and AR-Gol (Argentina) 
at Ac = 5.49, Ho = 0.732, and He = 0.736. The Chil-
ean populations showed the lowest values among 
the South American samples, with a slight decrease 
from south to north (CL-Ar: Ac = 5.33, Ho = 0.715, 
and He = 0.723; CL-Bc: Ac = 4.92, Ho = 0.704, and 
He = 0.702; CL-Rm: Ac = 5.10, Ho = 0.692, and 
He = 0.702). This pattern is consistent with the expan-
sion front suggested by observational records and the 
serial colonization pathway inferred from ABC-RF 
(see below).

Population structure

At the global geographic scale, most comparisons of 
mtDNA data between populations revealed significant 
differentiation, except for three comparisons: Chile—
Argentina, Argentina—Brazil, and South Korea—
Japan (Fig. S2). The AMOVA based on mtDNA 
data showed that 10.37% of the total variation was 
explained by differences among the four geographic 
regions (North America, South America, Europe, and 
Asia). The remaining variation was due to differences 
among populations within regions (4.76%) and within 
populations (84.87%). Fixation indexes showed 
a moderate genetic differentiation among regions 
(FCT = 0.104) and low differentiation among popula-
tions within regions (FSC = 0.053).

Within Chilean populations, the population 
CL-Ar2017 exhibited significant mtDNA differen-
tiation from CL-Ar (FST = 0.281, P = 0.0002), CL-Bc 
(FST = 0.586, P = 1 × 10−6), and CL-Rm (FST = 0.520, 
P = 1 × 10−6). This result is noteworthy because 
CL-Ar2017 was sampled in 2017 near the site of the 
first reported occurrence of D. suzukii in Chile and 
likely represents one of the earliest established popu-
lations in the country. Among more recently sampled 
Chilean populations, only the comparison between 
CL-Ar and CL-Bc showed significant genetic dif-
ferentiation (FST = 0.099, P = 0.019). In contrast, 
CL-Rm did not differ significantly from either CL-Ar 
(FST = 0.038, P = 0.144) or CL-Bc (FST = − 0.007, 
P = 0.438).

A total of 78 mtDNA haplotypes were identi-
fied through the haplotype network analysis (Fig. 1). 
Overall, the mitochondrial network did not display 
clear geographic clustering by country. The most 
frequent haplotypes (HM1 to HM4) were widely 

distributed across both the native and invasive ranges 
and were found in all South American populations. In 
contrast, several low-frequency haplotypes exhibited 
more restricted distributions: four (HM7  to  HM10) 
were found exclusively in the native range; HM5 was 
present in both the native and invasive populations; 
and HM6 was found only in North America (Can-
ada and the USA). Three additional haplotypes were 
found only in invasive regions: HB1 in the US, HB2 
in Europe, and HB3 in Brazil. Although Chilean pop-
ulations exhibited low haplotype diversity (Table S4), 
consistent with a recent introduction, their main 
haplotypes were shared with those from other South 
American sites. This suggests that they all originate 
from similar, if not the same, invasion source(s).

Microsatellite data revealed a stronger spatial 
genetic structure than mtDNA, with clear differen-
tiation between native and invasive populations and 
among geographic regions within the invasive range. 
Pairwise FST values (Table S6; Fig. S3), DAPC ordi-
nation methods (Fig. 2), STRU​CTU​RE analysis (Fig. 
S4), and neighbor-joining trees (NJ trees; Fig. S5) 
consistently grouped the native Asian populations as 
a tightly cohesive cluster, strongly differentiated from 
all invasive populations. The first low-diversified 
invasive population, the Hawaiian island population, 
formed an isolated cluster that was highly differenti-
ated from all the others. In continental North Amer-
ica, the eastern and central US populations (US-Nca, 
US-Wis, US-Gen, and US-Col) were weakly differ-
entiated (with very low FST values) and consistently 
grouped together in the DAPC and NJ tree analyses. 
By contrast, western US populations (US-Wat, US-
Sok, and US-Sdi) appeared more differentiated—a 
striking pattern given their status as some of the earli-
est invasive populations on the American continent. 
In South America, the Brazilian population (BR-Poa) 
clustered closely with the Argentinian population 
(AR-Gol), with a low pairwise FST value of 0.020 
and tight grouping in DAPC, STRU​CTU​RE, and NJ-
tree analyses. The three Chilean populations (CL-Ar, 
CL-Bc, and CL-Rm) were also tightly grouped with 
low differentiation (FST ≤ 0.014) and were clearly 
proximate to AR-Gol (and secondarily to BR-Poa) in 
both analyses. Within Chile, nuclear genetic differen-
tiation increased slightly among populations, consist-
ent with a latitudinal gradient of divergence.

STRU​CTU​RE recovered hierarchical patterns 
that were broadly consistent with the pairwise FST, 
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DAPC, and NJ tree analyses (Fig. S4). In the world-
wide analysis, ΔK showed a dominant peak at K = 3 
and a secondary peak at K = 4. At K = 3, the prin-
cipal structure distinguished European populations, 
most continental American and South American 
populations, and a component predominant in native 
Asian populations and US-Haw, with transitional 
assignments in US-Sok and US-Wat. At K = 4, US-
Haw and US-Sok formed an additional component, 
US-Wat showed mixed membership, and US-Sdi 
grouped predominantly with the central and eastern 
US populations. When the analysis was restricted 
to the Americas, the dominant K = 2 signal sepa-
rated US-Haw and US-Sok, with US-Wat showing 
an intermediate assignment, from the remaining 
populations. At the weaker K = 3 level, continen-
tal US and South American populations became 
differentiated. BR-Poa showed the clearest mixed 

assignment, whereas AR-Gol and the three Chil-
ean populations were predominantly assigned to the 
same South American component. In the balanced 
analysis, ΔK showed a dominant peak at K = 3 and 
a secondary peak at K = 2. At K = 2, continental US 
and South American populations were clearly dif-
ferentiated, although BR-Poa and, to a lesser extent, 
AR-Gol displayed mixed membership. At K = 3, the 
two western US populations (US-Wat and US-Sdi) 
were further differentiated from the central/eastern 
US populations (US-Nca, US-Gen, and US-Col), 
while the South American populations formed a 
third major component. BR-Poa retained the strong-
est mixed assignment, AR-Gol was predominantly 
assigned to the South American component with a 
smaller US contribution, and the three Chilean pop-
ulations were almost entirely assigned to the South 
American component. Thus, the differentiation 

Fig. 3   Final scenario of invasion of North and South America 
inferred from ABC-RF analyses using the updated microsat-
ellite dataset. New findings relative to the invasion scenario 
proposed by Fraimout et  al. (2017) are shown in light red. 
These results include the identification of the most appropri-
ate genetic proxies from the native range (JP-Sap in Japan 
and CN-Lia in China), as well as the inference of a common 
ancestral population (US-Una) for populations from the cen-

tral and eastern United States (US-Nca, US-Wis, US-Gen, and 
US-Col). They further indicate contributions of US popula-
tions, notably US-Wat (and US-Nca), to the Brazilian popula-
tion (BR-Poa), an admixed origin of the Argentine population 
(AR-Gol) from BR-Poa and US-Sdi, the role of AR-Gol as the 
sole source of the initial Chilean population, and a continuous 
latitudinal expansion of D. suzukii within Chile (i.e., CL-Bc 
derived from CL-Ar and CL-Rm from CL-Bc).
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between the continental USA and South America, 
together with the mixed assignment of BR-Poa, was 
not driven by unequal regional representation (Fig. 
S4). Overall, the STRU​CTU​RE analyses corrobo-
rated the major genetic discontinuities identified by 
the other descriptive analyses, including the com-
plex structure of the western US populations and 
the genetic continuity between Brazil, Argentina, 
and Chile. However, they did not resolve the direc-
tion or detailed sequence of the introduction and 
admixture events, which were subsequently evalu-
ated using explicit invasion scenarios within the 
ABC-RF framework.

Together, these findings from standard descrip-
tive analyses of genetic structure across populations 
provide an independent baseline for reconstruct-
ing invasion patterns. These patterns were subse-
quently evaluated and refined using scenario-based 

ABC inference, allowing the inferred relationships 
to be rigorously tested within an explicit statistical 
framework.

Routes of invasion

Regarding the mtDNA dataset, the standard ABC 
analysis indicated that scenario 1 (USA → Brazil → 
Argentina → Chile) was the most likely scenario for 
the introduction of D. suzukii into Chile, with a pos-
terior probability of 0.553 (95% CI: 0.452–0.654). 
Scenario 5 (Brazil → Chile) received substantial but 
lower support, with a probability of 0.345 (95% CI: 
0.203–0.487). The probabilities of the invasion routes 
as described in scenario 3 (USA → Chile), scenario 
4 (Europe → Chile), and scenario 2 (native → Chile) 
were much lower (i.e., 0.066 with CI: 0.000–0.185, 

Table 1   Microsatellite-based estimation under the final invasion scenario and using Random Forest of admixture rates for intro-
duced populations with multiple sources and bottleneck intensities at the time of each introduction.

See Fig. 3 for a description of the final invasion scenario. The source population whose genetic contribution is being estimated is 
indicated in parentheses. US-Una* is an unsampled common ancestral population that originates from San Diego (US-Sdi) and is 
shared by the populations in the central and eastern USA, i.e. North Carolina (US-Nca), Wisconsin (US-Wis), Geneva (US-Gen) and 
Fort Collins (US-Col)

Parameter Mean Median 5% quantile 95% quantile

Admixture rates Watsonville-USA
(Liaoyuan, China contrib.)

0.769 0.768 0.646 0.894

Dayton-USA
(Hawaii-USA contrib.)

0.240 0.234 0.066 0.441

Porto Alegre-Brazil
(North Carolina-USA contrib.)

0.510 0.502 0.267 0.763

Golondrinas-Argentina
(Porto Alegre-Brazil contrib.)

0.732 0.741 0.555 0.907

Bottleneck intensity Barcelona-Spain 0.496 0.457 0.268 0.847
Hawaii-USA 0.521 0.517 0.368 0.697
Watsonville-USA 0.120 0.109 0.052 0.226
Dayton-USA 0.206 0.180 0.065 0.430
San Diego-USA 0.093 0.076 0.025 0.223
US-Una* 0.343 0.197 0.020 1.018
Fort Collins-USA 0.048 0.027 0.002 0.181
Geneva-USA 0.092 0.069 0.009 0.244
Wisconsin-USA 0.170 0.145 0.033 0.377
North Carolina-USA 0.051 0.028 0.002 0.189
Porto Alegre-Brazil 0.248 0.203 0.047 0.573
Golondrinas-Argentina 0.072 0.066 0.023 0.147
Villarrica-Chile 0.058 0.028 0.002 0.202
Santiago-Chile 0.110 0.085 0.021 0.247
Chillán-Chile 0.045 0.034 0.005 0.115
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0.036 with CI: 0.000–0.160, and 0.0001 with CI: 
0.000–0.128, respectively), clearly ruling them out. 
To evaluate confidence in identifying the most prob-
able scenario in the ABC analysis, we estimated the 
type I and type II predictive errors associated with 
scenario 1. The type I error (i.e., the probability of 
rejecting scenario 1 when it is true) was 0.477, and 
the type II error (i.e., the probability of accepting 
scenario 1 when another scenario is true) was 0.612 
(Table S7). These high error rates mainly underscore 
the difficulty of distinguishing between scenarios 
1 and 5. This pattern is consistent with the limited 
mtDNA differentiation observed between Argentinian 
and Brazilian populations.

ABC-RF analyses of the updated microsatellite 
dataset provided a clearer and more consistent pic-
ture, giving quantitative evidence of the invasion his-
tory of D. suzukii in the Americas, including Chile, 
compared to standard ABC analyses of the mtDNA 
dataset. Table S3 provides details of the characteris-
tics and numerical results for each ABC-RF analysis. 
Figure  3 depicts the final invasion scenario inferred 
from our microsatellite-based ABC-RF analyses.

When using native-range sources as genetic refer-
ences, the Hawaiian population (US-Haw) showed the 
strongest alignment with the Japanese population (JP-
Sap) (analysis 1a in Table S3; P = 0.610, 10/10 runs), 
whereas the western US population (US-Wat) showed 
a clear genetic contribution from the Chinese popu-
lation (CN-Lia) (analysis 1b in Table  S3; P = 0.840, 
10/10 runs).

For the origins of the central and eastern US pop-
ulations (US-Nca, US-Wis, US-Gen, and US-Col) 
conducted separately, the scenario-pruning procedure 
based on a lightweight ABC-RF analysis reduced the 
initial 28 hypothetical scenarios to seven plausible 
scenarios (analysis 2a, Table  S3). See the results of 
the other pruning analyses that we conducted (analy-
ses 3a, 4a, 5a, and 6a) to visualize how effective the 
procedure can be when applied to an even greater 
number of scenarios. When we focused our analysis 
on these seven scenarios, it was inferred that each 
population derived from the same source population 
(US-Sdi; analysis 2b; P = 0.596, 10/10 runs). When 
analyzed jointly rather than independently, the four 
central and eastern US populations were inferred to 
originate from an unsampled ancestral (meta-)popu-
lation founded from US-Sdi (analysis 2c; P = 0.864, 
SD = 0.013, 10/10 runs; see Fig. S6).

In South America, the Brazilian population (BR-
Poa) was best explained by a two-source admix-
ture involving the US western (US-Wat) and east-
ern (US-Nca) populations (analysis 3b; P = 0.612, 
SD = 0.016, 9/10 runs). Focusing on the two clos-
est scenarios provided further support for this con-
clusion (analysis 3c; P = 0.843, SD = 0.009, 10/10 
runs). The Argentinian population (AR-Gol) was 
inferred to originate from the Brazilian popula-
tion (BR-Poa) and the western US population (US-
Sdi), with consistent support across runs (analysis 
4b; P = 0.591, SD = 0.016, 10/10 runs). Focusing 
on the two closest scenarios provided further sup-
port for this conclusion (analysis 4c; P = 0.790, 
SD = 0.015, 10/10 runs). Separate analyses of the 
CL-Ar, CL-Bc, and CL-Rm populations in Chile 
identified the AR-Gol population as their unique 
source (analysis 5b; P = 0.610, SD = 0.011, 10/10 
runs). Restricting the analysis to the two best-sup-
ported scenarios reinforced this result (analysis 5c; 
P = 0.812, SD = 0.010; 10/10 runs). When all three 
populations were considered jointly, the most likely 
invasion pathway corresponded to a serial colo-
nization originating from Argentina (AR-Gol → 
CL-Ar → CL-Bc → CL-Rm), with moderate sta-
tistical support (analysis 6b; P = 0.517, 10/10 runs). 
Restricting the ABC-RF comparison to the two 
closest scenarios further confirmed this inference 
(analysis 6c; P = 0.668, 10/10 runs). This invasion 
scenario supports a continuous latitudinal expan-
sion of D. suzukii across Chile.

Under the final invasion scenario, RF-based 
parameter estimation provided quantitative insights 
into the admixture rates and bottleneck intensities 
associated with successive introductions (analysis 
7a in Table S3, further detailed in Table 1). Admix-
ture events revealed substantial, albeit heterogene-
ous, contributions from source populations. For 
example, the western US population (US-Wat) 
received a significant contribution from the CN-
Lia  population in China (median = 0.768, 95% CI: 
0.646–0.894), whereas the direct contribution of 
the Hawaiian population US-Haw to the population 
US-Sok was more limited (median = 0.234, 95% CI: 
0.066–0.441). In South America, the Brazilian popu-
lation BR-Poa showed balanced admixture from the 
eastern US population US-Nca (median = 0.502, 95% 
CI: 0.267–0.763) and the western US population 
US-Wat. The AR-Gol population in Argentina was 
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predominantly founded by the BR-Poa population in 
Brazil (median = 0.741, 95% CI: 0.555–0.907), with a 
smaller amount of gene content originating from the 
US-Sdi population in the southwestern US.

Bottleneck intensity estimates revealed significant 
differences among introduction events. Low bottle-
neck intensity (i.e. low reductions in effective popu-
lation size and/or short duration) was inferred for 
several secondary introduction populations, includ-
ing US-Col (median bottleneck intensity = 0.027) and 
the South American populations from Argentina and 
Chile (medians = 0.066, 0.028, 0.085 and 0.045 for 
AR-Gol, CL-Ar, CL-Rm, and CL-Bc, respectively). 
By contrast, high bottleneck intensity was inferred 
for primary introduction populations, such as the US-
Haw island population (median = 0.517) and the ini-
tial population in Europe SP-Bar (median = 0.457). 
Other secondary introduction populations exhib-
ited mild bottleneck signatures, including US-Wat 
(median = 0.109) and US-Wis (median = 0.145), 
the Brazilian population BR-Poa (median = 0.203), 
and the unsampled ancestral population US-Una 
(median = 0.197) at the origin of central and eastern 
US populations.

Post-inference goodness-of-fit (post- GoF) indi-
cated an acceptable, albeit moderate, fit of the final 
invasion scenario depicted in ***Please change by 
Fig.  3    2*** to the microsatellite data (analysis 8a 
in Table  S3). Using SP-Bar (Barcelona, Spain) as 
a proxy for the early European introduction of D. 
suzukii yielded a median post GoF p-value of 0.132 
(95% HDI: 0.026–0.234). Using IT-Tre (Trento, 
Italy) as European reference yielded a slightly higher 
p-value of 0.218 (95% HDI: 0.024–0.384). Hence, 
based on median p-values, the post GoF tests did 
not reject the null assumption that the observed data 
could be generated under these scenarios at the 5% 
level. Highest Density Intervals (HDIs) were nev-
ertheless wide, and although their lower bounds 
approached the 1% rejection threshold, they did not 
fall below it.

Discussion

Using mitochondrial DNA and microsatellite mark-
ers, our study discovered patterns of genetic variation 
in invasive D. suzukii across South America, with a 
particular focus on Chile, and provided insights into 

invasion dynamics at both continental and regional 
scales. Our results revealed consistent patterns across 
datasets, while taking advantage of the finer resolu-
tion provided by microsatellites.

Genetic diversity and demographic processes

Both marker systems revealed a sharp reduction in 
genetic diversity in invasive populations compared 
to populations in the native range. Chilean popula-
tions displayed particularly low mtDNA haplotype 
diversity, which is consistent with the effects of 
founding events and bottlenecks that are commonly 
associated with secondary and recent colonisation 
(e.g., Lockwood et al. 2013). Microsatellite analyses 
confirmed these trends, with allelic richness and het-
erozygosity decreasing progressively from North to 
South America, reaching their lowest values in Chile. 
These losses in variability are comparable to patterns 
reported in other invasive insects undergoing second-
ary introductions or colonisation events in succession, 
such as the introduction of the solitary bee Lasioglos-
sum leucozonium and the ants Tetramorium immi-
grans and T. tsushimae to North America, and the 
introduction of the pea aphid Acyrthosiphon pisum to 
Chile (Zayed et al. 2007; Peccoud et al. 2008; Flucher 
et al. 2021). Interestingly, the earliest Chilean sample 
(CL-Ar2017) collected in 2017 exhibited lower diver-
sity than those collected more recently (i.e., in 2023). 
This temporal pattern of diversity may reflect ongo-
ing introductions of propagules from Argentina into 
the Araucanía region (Dlugosch and Parker 2008), 
where the low altitude of  the Andes would represent 
a less effective geographical barrier to the movement 
of this fly.

Population structure and geographic patterns

Genetic structure analyses consistently revealed cohe-
sive regional groups. In North America, populations 
in the eastern and central US showed extremely low 
differentiation, whereas populations in the western 
US were more divergent despite being among the 
earliest invasive populations to be established. This 
unexpected pattern suggests a complex introduction 
history in western North America, potentially involv-
ing multiple genetically differentiated sources, as 
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previously noted by Fraimout et al. (2017). In South 
America, both mtDNA and microsatellites demon-
strated genetic continuity between Brazil, Argentina, 
and Chile. BR-Poa and AR-Gol  populations exhib-
ited minimal differentiation, while the three Chilean 
populations formed a tightly clustered group with FST 
values ≤ 0.014, clearly connected to Argentina and, to 
a lesser extent, Brazil. Within Chile, we observed a 
slight south-to-north gradient in genetic differentia-
tion, consistent with a pattern of continuous latitudi-
nal expansion after introduction. Similar dynamics 
of serial expansion and low internal structuring have 
been reported in other invasive drosophilids (Pascual 
et al. 2007; Adrion et al. 2014) and other insect invad-
ers (Estoup and Guillemaud 2010; Zepeda-Paulo 
et al. 2010; Correa et al. 2019).

The STRU​CTU​RE analyses provided a com-
plementary, descriptive view of population struc-
ture without specifying alternative invasion routes. 
In particular, the balanced analysis recovered three 
major genetic components corresponding broadly 
to the western US, the central/eastern US and South 
America, while revealing marked mixed membership 
in BR-Poa and, to a lesser extent, AR-Gol. Together 
with the mixed assignment of US-Wat in the world-
wide analysis, these patterns were qualitatively con-
sistent with a complex and admixed invasion history. 
However, STRU​CTU​RE membership coefficients 
depend on both K and the set of populations analysed 
and should not be interpreted as direct quantitative 
estimates of historical admixture contributions. In 
a hierarchical and serial invasion such as that of D. 
suzukii, mixed assignments may reflect admixture, 
shared ancestry, or genetic drift and do not identify 
the source, direction, or timing of gene flow. We 
therefore used STRU​CTU​RE as descriptive corrobo-
ration, whereas the specific admixture events, source 
populations and invasion pathways were inferred 
by comparing explicit demographic scenarios (i.e., 
different routes of invasion) within the ABC-RF 
framework.

Routes of invasion and source populations

Mitochondrial DNA analysis supported a sequential 
invasion route from North America through South 
America (US → Brazil → Argentina → Chile), 
but the resolution was limited due to high posterior 

predictive error rates when discriminating between 
scenarios. Microsatellite-based ABC-RF analyses 
provided a more detailed and quantitative reconstruc-
tion of this route. These analyses further supported 
Argentina as the sole source of the Chilean popula-
tions and indicated a sequential colonisation path-
way within Chile (AR-Gol → CL-Ar → CL-Bc → 
CL-Rm).

Interestingly, at a broader scale, the best genetic 
proxy for the primary native source population was 
consistently CN-Lia (located in Jilin Province in 
China) for both the North American and European 
invasions. Notably, Jilin Province is one of the lead-
ing areas for blueberry production in China (blue-
berries being a preferred host for D. suzukii), par-
ticularly in the southeast (e.g., the Changbai region), 
though there is no evidence of intensive strawberry 
or cherry production in this region (Produce Report, 
2021). This result suggests a potential role for specific 
regions, particularly those characterised by disturbed, 
intensive agricultural habitats, as recurrent sources 
of invasive lineages from northeastern Asia. This is 
consistent with the AIAI (Anthropogenically Induced 
Adaptation to Invade) framework (Hufbauer et  al. 
2012; Estoup et  al. 2026), which states that popula-
tions adapted to human-disturbed environments can 
repeatedly act as initial or secondary bridgeheads for 
global invasions, including within the native range of 
a species.

Limitations and perspectives

Although post-inference goodness-of-fit tests indi-
cated that the retained final invasion scenario pro-
vides an acceptable description of the data, the low 
values of the lower bounds of the confidence intervals 
suggest that further refinement is possible. Incorpo-
rating unsampled populations into invasion mod-
els—as illustrated by analysis 2c in this study—or 
relaxing temporal constraints, particularly in North 
America where observation dates are tightly clus-
tered, could improve model fit. Advances will also 
come from denser genomic datasets such as whole-
genome sequencing, which offer greater resolution 
for evaluating alternative invasion routes. Likewise, 
SNP-based admixture graph approaches (e.g., Gau-
tier et al. 2022), which explicitly account for unsam-
pled populations, provide a powerful complement to 
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microsatellite DIYABC analyses. Nevertheless, the 
large and standardised microsatellite dataset used 
here remains a highly effective and computation-
ally efficient resource, especially for reconstructing 
recent demographic events at continental and regional 
scales.

Importantly, unpublished exploratory analyses 
in which we modified the invasion history in North 
America indicate that three major conclusions are 
robust to such modifications: (i) a sequential expan-
sion from North America through South America 
(US → Brazil → Argentina → Chile); (ii) Argentina 
as the most likely single source of the Chilean popu-
lations; and (iii) a serial colonisation process within 
Chile. The pronounced genetic homogeneity observed 
across the sampled area along Chile (i.e., > 600 km of 
latitudinal range) further suggests a strong role for 
anthropogenic dispersal (e.g., fruit trade) in shap-
ing the species’ rapid spread (Estay et al. 2023). This 
combination of a single genetic source and rapid spa-
tial expansion offers a unique opportunity to investi-
gate latitudinal selection gradients and climate-related 
trait evolution across the marked environmental het-
erogeneity of Chile (Castañeda et al. 2013, 2015).

Genetic monitoring as a tool for pest management

Our study emphasises the importance of genetic 
monitoring as a tool for pest management. Molecu-
lar markers, including microsatellites and, increas-
ingly, single nucleotide polymorphisms (SNPs), can 
serve as early warning systems by detecting novel 
introductions, tracking invasion fronts, and identify-
ing emerging genetic lineages with higher adaptive 
potential (e.g., Estoup et al. 2016, 2026; McGaughran 
et  al. 2024). Evidence from our analyses suggests 
that a single introduction from Argentina and the low 
genetic diversity of D. suzukii populations in Chile 
may constrain the adaptive potential of established 
populations, potentially limiting their ability to evolve 
resistance to control measures. However, the rapid 
geographic expansion of D. suzukii along Chile can 
be explained by its broad environmental tolerance and 
dispersal capacity (Asplen et al. 2015; Fraimout and 
Monnet 2018). A key risk remains the possibility of 
secondary introductions from genetically divergent 
sources, which could restore genetic diversity and 
increase adaptive potential, which has been reported 

in other invasive species (e.g., Van Boheemen et  al. 
2017). Preventing such introductions should there-
fore be a priority for quarantine and surveillance pro-
grammes. Our analyses also suggest that monitoring 
for the emergence of undesirable genetic variants 
(e.g. variants that are resistant to control measures) 
in Chile should primarily focus on South America, 
specifically Argentina and the USA, as these are the 
main sources of berry and cherry imports (de la Vega 
et al. 2020).

Ensuring reliable integration of new genotyping 
data and efficient statistical methodologies 
for increasingly massive datasets

In practice, real-time genetic monitoring requires 
reliable linking of new datasets to existing reference 
databases. While genotyping can be scaled up at low 
cost with microsatellites, microsatellite allele scor-
ing can vary across runs, laboratories, or platforms, 
making this task challenging. A rigorous experimen-
tal design is therefore essential. This involves using 
numerous reference individuals that have already 
been genotyped as anchors and systematically re-gen-
otyping a subset of old and new individuals to verify 
concordance. We rigorously employed this strategy 
to connect new data to existing data and enhance the 
reliability of the updated global D. suzukii microsatel-
lite dataset, which now encompasses 27 populations 
worldwide.

Another methodological challenge relates to updat-
ing invasion scenarios when newly invaded popula-
tions are incorporated into analyses. With Approxi-
mate Bayesian Computation (ABC), the number of 
scenarios that need to be compared increases expo-
nentially with the number of potential sources. This 
makes the process increasingly computationally 
demanding. This constraint motivated us to explore 
light and efficient pruning strategies using DIYABC-
RF. To this aim, we implemented configurations 
involving a relatively small number of simulations per 
scenario (i.e., 2,000) and a limited number of trees 
(i.e., 500) in the random forests. We found that this 
heuristic scenario pruning procedure was effective in 
detecting (very) poorly supported scenarios at a low 
computational cost and hence retaining only those 
scenarios that were sufficiently supported (i.e., those 
that obtained an average number of votes greater 
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than 5%) for further analysis. For instance, in Anal-
ysis 5a, we narrowed down an initial set of 55 sce-
narios to five realistic alternatives, which were then 
examined in greater detail. Importantly, when this 
scenario pruning procedure was applied to numer-
ous population genetics models using both simulated 
datasets with known true scenarios and real observed 
datasets, it was found that the best scenario among 
those compared was never eliminated by the prun-
ing analysis. This remained the case even with fewer 
simulations per scenario (1,000; results not shown). 
We found that, despite being less formally developed, 
this lightweight ABC-RF pruning approach required 
less computation and outperformed the pre-inference 
GoF pruning method recently proposed by Le Mail-
loux et  al. (2026); see Figure S7 for details. The 
lightweight ABC-RF pruning procedure, combined 
with standard ABC-RF analyses on the reduced set of 
retained scenarios, therefore provides a practical and 
efficient way to update invasion-route reconstructions 
in real time as new invasive populations arise, while 
preserving computational tractability even as popu-
lation numbers—and hence candidate scenarios—
expand markedly.

Conclusion

Beyond its broader-scale findings, our study sheds 
new light on the invasion history of D. suzukii in 
South America, particularly in Chile, and makes 
methodological contributions relevant to pest surveil-
lance and management. Overall, our results suggest 
that the invasion process through the Americas was 
complex and sequential. This process was shaped by 
successive colonisation events involving demographic 
bottlenecks of various intensities and episodes of 
admixture events between native and invasive source 
populations. In Chile, however, the invasion history 
appears comparatively straightforward, involving a 
single introduction from Argentina, followed by rapid 
latitudinal expansion. Despite reduced genetic diver-
sity, D. suzukii has successfully colonised a wide 
range of environments in South America, including 
a long latitudinal range in Chile. This highlights the 
importance of demographic history, phenotypic plas-
ticity, and human-mediated dispersal in determining 
invasion dynamics.
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