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Abstract
Native to Southeast Asia, the spotted wing drosophila (SWD), Drosophila suzukii Matsumura, rapidly invaded America 
and Europe in the past 20 years. As a crop pest of soft-skinned fruits with a wide range of host plants, it threatens the fruit 
industry worldwide, causing enormous economic losses. To control this invasive pest species, an understanding of its popu-
lation dynamics and structure is necessary. Here, we report the population genetics and development of SWD in Germany 
from 2017–19 using microsatellite markers over 11 different sample sites. It is the first study that examines SWD’s genetic 
changes over 3 years compared to multiple international SWD laboratory strains. Results show that SWD populations in 
Germany are highly homogenous without differences between populations or years, which indicates that populations are 
well adapted, migrate freely, and multiple invasions from outside Germany either did not take place or are negligible. Such 
high genetic variability and migration between populations could allow for a fast establishment of the pest species. This is 
especially problematic with regard to the ongoing spread of this invasive species and could bear a potential for developing 
pesticide resistance, which could increase the impact of the SWD further in the future.
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Key message

•	 Drosophila suzukii (Spotted Wing Drosophila) is estab-
lished and migrates freely in Germany.

•	 Homogenous populations across Germany were found 
over the 3-year sampling period.

•	 Multiple reinvasions of Drosophila suzukii either do not 
take place or are negligible.

Introduction

The spotted wing drosophila (SWD), Drosophila suzukii 
Matsumura, became a severe invasive pest species in Amer-
ica and Europe. First descriptions of D. suzukii in Japan date 
back to 1931, recorded by Matsumura (Matsumura 1931). At 
this time, SWD was present throughout Japan, Korea, and 
China (Hauser 2011). Through its rapid spread across North 
America, Africa and Europe in the last few years, SWD has 
drawn much attention as a crop pest in affected countries 
(Hauser 2011; Calabria et al. 2012; Asplen et al. 2015; 
Boughdad et al. 2021). SWD spread all over the continent 
and belongs to the commonly found drosophilids in South 
and Central Europe (Cini et al. 2012; Calabria et al. 2012). 
The first specimens of SWD from Germany were caught in 
2011 in Rhineland-Palatinate, Baden-Württemberg, and at 
Lake Constance (Bavaria and Baden-Württemberg) (Vogt 
et al. 2012).

In contrast to the vinegar fly Drosophila melanogaster, 
SWD is a crop pest for soft-skinned fruits like cherries, blue-
berries, blackberries, grapes, and strawberries. Female flies 
possess a serrated ovipositor with which they pierce the skin 
of ripening fruits. Hatching larvae feed on fruit pulp and 
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make the fruits unmarketable, causing substantial economic 
losses (Bolda et al. 2010; Mazzi et al. 2017). Bolda et al. 
(2010) calculated that the revenue losses in raspberries and 
blackberries in California totaled approximately $63.2 mil-
lion in 2008 alone. Besides the larval damage, probing and 
rupturing of the fruit skin by the female ovipositor can entail 
several other problems like fungal infections that cause addi-
tional damage to the fruits (Rombaut et al. 2017; Ioriatti 
et al. 2018). An essential part of tackling an invasive pest 
like SWD is understanding its biology and answering, e.g., 
questions on the threat, SWD poses for individual fruit crops 
(Lee et al. 2011; Bellamy et al. 2013). Therefore, monitoring 
of fly populations is continuously conducted in Germany, 
and institutions provide growers with information on best 
practice control methods (Briem et al. 2015, 2018). Many 
approaches to develop SWD control have focused on live 
traps and pesticide applications so far. In contrast, other 
practices such as mass trapping and biological control meth-
ods using imported or native parasitoids could be central 
for future pest management strategies (Gabarra et al. 2015; 
Rossi Stacconi et al. 2015).

Efforts of pest control applications can be comple-
mented and improved by understanding genetic develop-
ment. Knowledge about invasion history and the genetic 
differences between populations can identify introduction 
pathways, improve testing, and help integrated pest manage-
ment strategies in ultimately avoiding multiple (re)introduc-
tions (Estoup and Guillemaud 2010). Stabelli et al. (2020) 
reported that SWD populations from separate geographic 
areas exhibit different genotypic and phenotypic traits point-
ing at the importance of understanding intraspecific vari-
ability in pest species for pest control. The reconstruction 
of invasion pathways is particularly crucial to uncover and 
understand potential patterns in the spread of an invasive 
species. It is thought that pest organisms are distributed 
beyond their native ranges through trade by contaminations 
of traded goods or as stowaways (Chapman et al. 2017). 
Information on transport and introduction of non-native 
species is of great importance, because the management 
of invasive pest species is most effective during the begin-
ning of an invasion, if, e.g., biosecurity measures would 
be adopted at transport routes (Rout et al. 2011; Chapman 
et al. 2016). In a recent study, it was shown that the latest 
invasion of SWD in Argentina could be ascribed to fruit 
trade from freshly invaded areas in North and South Amer-
ica and not from its native range in Asia (de la Vega et al. 
2020). Data from Ukraine also implies that SWD invasion 
in Europe can be ascribed to multiple sources, along with 
possible recurrent introductions (Lavrinienko et al. 2017). 
The results from these two studies show how the identifi-
cation of invasion routes is an important issue, especially 
from a pest management perspective, and they point out the 
problematic link between global trade and pest invasiveness. 

The reconstruction of invasion routes for international trade 
can be challenging, though, considering the sheer amount 
of fruit transports through global trading. For example, 
Germany imported 51,776 tons of fresh fruits in the year 
2017 alone (FAO 2021). Studies on population genetics 
have proven beneficial for biological control methods like 
the sterile insect technique (SIT) (Lanzavecchia et al. 2014). 
SIT is a biological method for pest control in which steri-
lized male insects are released in a field population to reduce 
reproduction by infertile mating. Since gene flow can vary 
between natural populations, locally adapted and isolated 
populations can occur. In these populations, SIT can be 
impaired by mating barriers, making them less effective. 
Population genetics can be used to trace changes in strain 
efficacy, which is an assertion of how well a strain would 
perform in the field. It can also help to improve the competi-
tiveness of laboratory strains that are sterilized and released 
and can be used in monitoring programs to differentiate 
released laboratory insects from wild ones (Aketarawong 
et al. 2011, 2014; Zygouridis et al. 2014; Azrag et al. 2016).

One way to characterize genetic relationships between 
populations is by using microsatellite or simple sequence 
repeat (SSR) markers. Microsatellites are repetitive DNA 
sequences that have high mutation rates, which can lead to 
high polymorphism within populations and a rapid genetic 
differentiation between distinct populations (Schlötterer 
2000; Selkoe and Toonen 2006). Variations in the number 
of repetitions generate different alleles. This long-estab-
lished method in population genetics is used regularly due 
to its cost-effectiveness and informative content (Jarne and 
Lagoda 1996; Schlötterer 2004). For D. suzukii, a set of 28 
microsatellite markers was previously developed and used to 
characterize genetic variation within Hawaiian and French 
populations (Fraimout et al. 2015). A subset of those mark-
ers was then utilized to get an insight into genetic variability 
in Italian populations of D. suzukii (Tait et al. 2017). Those 
populations showed extensive genetic similarity, except for 
a population from Sicily, confirming isolation relative to 
the mainland. Whereas the technique has been widely used 
to describe population variation and genetic differences in 
SWD, only few research has investigated differences that 
occur over consecutive years when this pest species begins 
to become established. Bahder et al. 2015 evaluated the 
genetic variation in SWD populations from California and 
Washington collected across three years and showed that the 
population from Washington had undergone a significant 
bottleneck compared to the coastal California population. 
These studies show that the use of microsatellite markers 
for population structure and genetic diversity analysis is an 
important part of understanding the biology of an invasive 
species. Because little is known about the genetic diversity 
of SWD populations in Germany, the goal of this study was 
to determine intrapopulation and interpopulation genetic 
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diversity between different populations across the whole 
country. Moreover, it was of interest, if diverse genetically 
defined populations exist and if they exhibit a geographi-
cal pattern. On the one hand, we expected some differences 
between northern and southern locations, since the North 
and South of Germany are two distinct major geographi-
cal regions with different geographic aspects and different 
climates with a more maritime climate in the North and an 
increasingly subcontinental climate toward the South. On 
the other hand, based on the results of Tait et al. (2017) 
from Italy, we expected low differences between sample 
sites, since the distances between locations are relatively 
low. An additional comparison of data over several years 
can provide information about population development and 
dynamics. In respect to pest control, it would be beneficial 
to know, if an annual reinvasion from other European coun-
tries or warmer regions in Germany takes place or if SWD 
overwinters locally and reemerges in spring. It is known that 
SWD overwinter as adults and can recover quickly (Dalton 
et al. 2011; Hamby et al. 2014; Stephens et al. 2015). Thus, 
we expected that a reemergence from locally overwintering 
individuals is more likely and, if differences between years 
occur, that they turn out to be small. Invasive species often 
show a high genetic divergence between their invasive and 
native populations, which allows them to adapt faster to new 
environments (Guo et al. 2018; Xia et al. 2020). High genetic 
diversity in Germany would implicate a well-established 
population, while reduced genetic diversity, for example 
through a bottleneck effect, in contrast, would correspond 

to reduced adaptability or at least to a recent invasion at that 
specific locality (Schrader et al. 2014). Therefore, we inves-
tigated D. suzukii populations for three years using 14 micro-
satellite markers designed by Fraimout et al. (2015). This is 
the first study to provide insights into population genetics 
of D. suzukii on a large-scale level in Germany as well as 
a comparison over a multi-year period. Besides, different 
laboratory strains from Europe and America were included 
in the comparison and a new laboratory strain that derived 
from one of the German field populations was established 
to illustrate the effect of laboratory breeding and change of 
genetic markers over time. As a result, this strain functioned 
as a link between field collections and the laboratory strains.

Material and methods

Drosophila suzukii collection and identification

Adult D. suzukii from 11 locations in Germany were col-
lected between June and September in 2017, 2018, and 2019 
by collecting fruit samples infested with D. suzukii eggs, lar-
vae, or pupae. Location sites were mapped using geographic 
coordinates with Simplemappr (Shorthouse 2010), assuring 
that each year fruits from the same locations were collected 
(Fig. 1). If possible, different kind of fruits from various 
shrubs or trees were sampled within a radius of approxi-
mately 20 km at each location, to prevent sampling of related 
individuals. Blackberries showed the highest amount of 

Fig. 1   Sample sites and sampling time points of D. suzukii wild populations in Germany. Population location acronym, location, coordinates and 
sampling year and month are listed in the table (left). The map (right side) was generated by SimpleMappr and coordinates listed in the table
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infestation followed by raspberries and cherries. Elderber-
ries were collected only in a few cases since the degree of 
infestation was lower than in cherries. Strawberries were not 
infested. The number of sampled fruits varied between years 
and locations (Table 1). The German samples’ names result 
from the vehicle registration plate of the respective district 
and the sampling year. Fruits were kept in the laboratory 
until adult flies emerged. Adult D. suzukii were identified 
according to Hauser (2011) and documented using a Key-
ence VHX-5000 (Keyence Corporation, Osaka, Japan). No 
samples were available from FF in 2017, HB in 2018 and 
2019, and HH in 2017 and 2018 (Fig. 1, Table 1). From 
each geographical population and year, 20 individuals were 
tested, except for HB17, with only ten individuals available.

In addition, 160 specimens from eight laboratory strains 
(LS_USA, LS_Canada, LS_Italy, LS_Frankfurt, LS_
France, LS_Valsugana, LS_HG18, and LS_HG19) were 
used as outgroups. LS_USA was established in 2010 from 
a field collection in North Carolina (Stockton et al. 2020), 
LS_Canada was started in 2012 (Jakobs et al. 2015; Ren-
kema et al. 2015), LS_Italy was kept in the laboratory since 
2014 and LS_Frankfurt was established in 2016 (Lee and 
Vilcinskas 2017). LS_France was kindly provided by Eric 
Marois and originated from Strasbourg (France). Alberto 

Grassi provided LS_Valsugana from Valsugana in Italy. Both 
were collected in 2018 and kept in the laboratory since. The 
laboratory strains LS_HG18 and LS_HG19 originated from 
flies collected from the location Bad Homburg (HG) in 2017 
that were sampled for analysis after one (LS_HG18) and 
two years (LS_HG19) in culture, respectively. D. suzukii 
laboratory strains were maintained on standard Drosophila 
medium at 25 °C and 55% humidity with a 12 h-photoperiod 
and transferred to fresh media every week. A sample size 
estimation was conducted to determine the minimum num-
ber of observations required for our experiment. Under the 
assumption, that the population standard deviation of allele 
size is at most seven (based on preliminary exploratory data 
analyses) and under the requirement that a 90%-confidence 
interval (CI) for the population mean of allele size has a 
length of at most 10 with a probability of 80% (“precision 
power”), a sample size of at least 19 was necessary. Based 
on this sample size estimation, we chose to use 20 individu-
als from each location and year with the exception of HB17, 
where only 10 individuals were available. The final data set 
included 550 individuals from Germany and 160 individuals 
from laboratory strains (Table 1). German populations and 
laboratory outgroups were analyzed using 14 microsatellite 
markers.

Table 1   Number of SWD 
individuals sampled and 
used for analysis per year 
and population. Shown is the 
number of SWD individuals 
used for analysis across the 
years 2017 to 2019, including 
the laboratory strains

Population Sampling areas Total number of sampled 
SWD

Number of SWD used for analysis

2017 2018 2019 2017 2018 2019 ∑

DO 2 41 26 37 20 20 20 60
FF 3 0 46 37 0 20 20 40
FR 4 34 25 33 20 20 20 60
HB 1 10 0 0 10 0 0 10
HG 1 47 34 48 20 20 20 60
HH 2 0 0 39 0 0 20 20
HOH 3 43 33 35 20 20 20 60
KS 1 24 28 32 20 20 20 60
LB 4 39 57 41 20 20 20 60
PM 3 48 32 52 20 20 20 60
R 4 39 29 44 20 20 20 60
LS_France 0 0 20 0 0 20 0 20
LS_Valsugana 0 0 20 0 0 20 0 20
LS_Italy 0 20 0 0 20 0 0 20
LS_Frankfurt 0 20 0 0 20 0 0 20
LS_Canada 0 20 0 0 20 0 0 20
LS_USA 0 20 0 0 20 0 0 20
LS_HG18 0 0 20 0 0 20 0 20
LS_HG19 0 0 0 20 0 0 20 20
Total number of individuals used in the analysis 710
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DNA extraction and microsatellite analysis

Total genomic DNA was extracted from 20 or 10 individu-
als of each geographical population and laboratory strain 
in single reactions (Table 1). Samples were placed in lysis 
tubes with 1.4  mm ceramic spheres (Lysing Matrix D 
bulk, MP Biomedicals, Solon, OH), 200 µl sterile filtered 
homogenization buffer added (1 M Tris–HCl (pH 7.5), 5 M 
NaCl, 0.5 M EDTA (pH 8), 0.3 M spermine tetra-HCl, 1 M 
spermidine tri-HCl, 1 g sucrose), and then homogenized at 
6000 rpm for 40 s in a Fast Prep-24™ (MP Biomedicals, 
Solon, OH). Afterward, 200 µl lysis buffer (1 M Tris–HCl 
(pH 9.0), 0.5 M EDTA (pH 8.0), 10% SDS, 1 g sucrose) 
was added and incubated at 70 °C for 10 min. 60 µl of 8 M 
KOAc was added, and tubes were stored on ice for 30 min. 
After transferring the suspension to a new tube, samples 
were centrifuged at 12,000 rpm for 10 min at 4 °C. DNA was 
precipitated with two volumes of ice-cold 100% EtOH and 
stored at  -20 °C overnight. DNA was pelleted by centrifuga-
tion at 12,000 rpm for 40 min at 4 °C. The pellet was washed 
with 30 µl of 70% ice-cold ethanol for 10 min while cen-
trifuging at 12,000 rpm at 4 °C. Pellets were air-dried and 
resuspended in 50 µl H2O. DNA concentration was meas-
ured using an Epoch Microplate Spectrophotometer (BioTek, 
Winooski, VT, USA). Samples were stored at  -20 °C.

SSR markers were previously characterized (Fraimout 
et al. 2015). Of the 28 published SSRs, 17 dinucleotide 
markers were selected for initial testing with genomic DNA 
from LS_USA. Each of the published primer pairs was 
tested beforehand in single PCR reactions using the Plati-
num Taq DNA polymerase (Thermo Fisher Scientific, MA, 
USA) following the manufacturer’s protocol with a primer 
annealing temperature of 57 °C. PCR products were purified 
with Zymo Clean and Concentrator-5 spin columns (Zymo 
Research, Orange, CA). Purified PCR products were cloned 
into the pCR4-TOPO TA vector (Thermo Fisher Scientific, 
MA, USA) using standard protocols. The sequencing reac-
tion was carried out by Macrogen (Amsterdam, Netherlands) 
and analyzed with Geneious Prime 2019.2 software. Three 
of 17 tested loci were not included in further experiments 
due to amplification problems and null alleles, leaving 14 
markers for analysis (Online Resource Table S1).

DNA amplification for fragment analysis on the popula-
tion samples was then performed using the Qiagen Multiplex 
PCR Kit (Qiagen, Hilden, Germany) in 10 μL final reaction 
volume, containing 1X QIAGEN Multiplex PCR Master 
Mix, 0.2 μM primer mix, 0.5X Q-Solution, and 100 ng of 
genomic DNA. The PCR cycling protocol was: 95 °C, 5 min; 
32 cycles of 95 °C for 30 s, 57 °C for 90 s, 72 °C for 3 min; 
final elongation at 72 °C for 30 min, the latter is advised to 
be used for analysis on capillary sequencers. PCR products 
were purified using the Zymo Clean and Concentrator-5 Kit 
(Zymo Research, Orange, CA). Concentration was assessed 

using electrophoresis on 3% agarose gels, stained with 
SYBR Safe, and visualized under UV light. Samples were 
sent for fragment analysis on an ABI 3730 Genetic Analyzer 
to StarSEQ (Mainz, Germany). GeneScan™-500LIZ™ was 
used as an internal size standard. Fragments were sized with 
the Geneious Prime 2019.2 software. If no sample amplifica-
tion was obtained after three attempts, the locus was classi-
fied as missing data.

Statistics on genetic diversity

Population genetic indexes like the number of alleles (Na), 
the effective number of alleles (Ne), the inbreeding coeffi-
cient (FIS) and the FST index (where I stands for individuals, 
S for subpopulations and T for the total population), number 
of private alleles (AP), observed and expected heterozygosity 
and deviations from Hardy–Weinberg-Equilibrium were cal-
culated with GenAlex software v.6.41 (Peakall and Smouse 
2012). Polymorphism information content (PIC) was calcu-
lated using the Cervus 3.0 software (Kalinowski et al. 2007). 
Measures of diversity were analyzed using repeated-meas-
ures analysis of variance (ANOVA) to determine differences 
among populations and years. Pairwise comparisons were 
obtained from posthoc Bonferroni correction. All standard 
statistical tests were carried out using SigmaPlot 14 software 
(Systat Software, Inc.).

Statistics—genetic structure

In general, the genetic structure refers to patterns of genetic 
diversity across multiple populations and subpopulations 
and provides information on distribution, mating behavior, 
and potential species and population borders. The genetic 
structure of D. suzukii populations in Germany was analyzed 
using a Bayesian approach, a population tree based on allele 
frequency data, analysis of molecular variance (AMOVA), 
and Principal coordinate analysis (PCoA). Structure 2.3.4 
(Pritchard et al. 2000; Falush et al. 2003) was used to inves-
tigate the number of genetically distinct clusters (K) in a data 
set. Each analysis was run with 1,000,000 Markov Chain 
Monte Carlo (MCMC) repetitions and a burn-in period of 
100,000 repetitions using 20 iterations of K = 1–20. The 
analysis was run using the admixture ancestry model, based 
on correlated allele frequencies. Structure Harvester (Web 
v0.6.94 July 2014) (Earl and von Holdt 2012) was used to 
detect the most likely K value according to Evanno and 
Pritchard, assessed through analysis of ΔK, the Dirichlet 
parameter alpha (α) and LnP(D) distribution plots (Evanno 
et al. 2005; Hubisz et al. 2009). Pophelper (Francis 2017) 
was used to align assignment clusters across replicate runs 
and visualize the results.

An unrooted neighbor-joining (NJ) dendrogram was con-
structed with PoptreeW (Takezaki et al. 2014) based on Da 



1296	 Journal of Pest Science (2021) 94:1291–1305

1 3

distance (Nei et al. 1983), which is a genetic dissimilarity 
coefficient that is based on mutation and drift. It is defined 
as DA = 1 −

1

r

∑r

j

∑mj

j

√

xijyij , where r is the number of loci 
used, mj is the number of alleles at the j-th locus, and xij and 
yij are the frequencies of the i-th allele at the j-th locus in 
populations X and Y (Nei et al. 1983; Takezaki et al. 2014). 
A test for robustness was carried out by using a bootstrap 
value of 10,000. An analysis of molecular variance 
(AMOVA) was performed using Arlequin v.3.5.2.2 
(Excoffier and Lischer 2010). PCoA implemented in 
GenAIex software v.6.41 (Peakall and Smouse 2012) based 
on Nei’s genetic distance was used to visualize the genetic 
relationship between populations.

Geneclass2 (Piry et al. 2004) was run to determine the 
probability of each individual to originate from the sample 
area or another reference population. The standard Bayesian 
criterion of Rannala and Mountain (1997) and the Monte 
Carlo resampling method of Paetkau et al. (2004) were used 
with an alpha value of 0.05. Results were based on 10,000 
simulated genotypes for each population and a threshold 
probability value of 0.05. Tables with migration rate values 
are shown in Online Resource S8.

Bottleneck v.1.2.2 (Piry and Luikart 1999) was used to 
determine if recent demographic events like expansion or 
mitigation in population size took place. The two-phase 
model (TPM) and the stricter stepwise mutation model 
(SMM) were used with model options for the TPM of 80% 
single-step mutations, a variance among multiple steps of 12 
and with 5,000 iterations. Wilcoxon’s signed-rank test was 
used to assess the probability of heterozygosity.

Results

Polymorphisms and genetic variability at 14 
selected microsatellite loci in Drosophila suzukii

In the first step, we evaluated the genetic variability and the 
information content of the 14 microsatellite markers used in 
this study. In total, 115, 107, and 112 alleles were identified 
in 2017, 2018, and 2019, respectively, and all three years 
shared 81.82% of the identified alleles. The detailed results 
for variability indices in the 14 SSR markers are shown in 
Online Resource S2. The analyzed loci showed a consist-
ently high level of genetic variability throughout the years 
and populations. Deviation from HWE was tested for all 
year-locus combinations. A significant difference (p < 0.05) 
from HWE was observed in 24 of 42 year-locus combina-
tions (Online Resource S3). A reason for the disequilibrium 
could be the presence of null alleles. Per definition, a micro-
satellite null allele is an allele at a microsatellite locus that 
does not amplify to detectable levels in a PCR test. The 

result is an excess of homozygotes or to be precise a defi-
ciency of observed heterozygotes in a population. Other rea-
sons for a deviation from HWE can be migration, selection, 
phenotypic assortative mating, inbreeding, genetic drift and 
small population size.

Polymorphism information content (PIC) was obtained 
as index for gene abundance. The level of diversity reflects 
genetic variation in loci (PIC > 0.5 = high polymorphism, 
0.5 > PIC > 0.25 = moderate polymorphism, PIC < 0.25 = low 
polymorphism). PIC across loci ranged from 0.474 (DS11) 
to 0.836 (DS07). All loci except for DS11 showed high poly-
morphism (Online Resource S2), confirming that this set of 
markers is suitable for a population genetic study.

Genetic and allelic diversity among populations 
and years

Genetic and allelic diversity in German populations was 
similar and relatively high in all years and over all loca-
tions. There was no significant difference between years or 
sample sites by ANOVA after correction according to the 
Bonferroni method (p > 0.05) (Fig. 2 and Online Resource 
S4). The mean number of observed alleles (Na) over the 
loci for each year reached from 6.23 in 2019 to 5.93 in 2017 
and was overall similar (ANOVA for years: p = 0.147, for 
populations: p = 0.414). The mean number of effective 
alleles (Ne, the number of equally frequent alleles it would 
take to achieve a given level of gene diversity) was similar 
in the years 2017, 2018, and 2019, respectively, supporting 
our findings that there is no significant difference in genetic 
diversity between years or sample sites (ANOVA for years: 
p = 0.823, for populations: p = 0.491). Observed heterozy-
gosity (Ho, the observed ratio of heterozygotes) ranged 
between 0.57 (LB) and 0.71 (KS) in 2019 to values in 2018 
between 0.59 in FF to 0.67 in HOH (ANOVA for years: 
p = 0.313, for populations: p = 0.306). Values for expected 
heterozygosity (He, the proportion of heterozygous geno-
types expected under Hardy–Weinberg equilibrium) were 
similar in all three years with R showing the overall lowest 
values in 2017 and 2019 and KS having the highest val-
ues during these two years (ANOVA for years: p = 0.566, 
for populations: p = 0.200). The number of private alleles 
(an allele that is present in only one population but at any 
frequency) was low throughout the study period, suggest-
ing that most alleles were shared between populations and 
years (Fig. 2 and Online Resource S5). The FIS value or 
inbreeding coefficient of an individual (I) relative to the sub-
population (S) showed a range of  -0.07 (R17) to 0.18 (FF18 
and LB19) (ANOVA for years: p = 0.203, for populations: 
p = 0.134). Negative FIS values would reveal a heterozygote 
excess, while positive values indicate a heterozygote deficit. 
It was positive for 25 of the German populations, except for 
R in 2017 ( 0.07) and 2019 ( 0.03) as well as for FF in 2019 
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( 0.04), all three showing a heterozygosity excess, which can 
be a consequence of a genetic bottleneck. In 2018, all popu-
lations had a positive FIS value (Fig. 2 and Online Resource 
S4). Positive values can indicate inbreeding and heterozy-
gote deficiency or to be precise an excess of homozygotes 
due to the presence of null alleles, inbreeding or population 
subdivision.

Genetic and allelic diversity among laboratory 
strains

Since the eight laboratory strains were thought to be highly 
inbred, estimates for genetic and allelic diversity were calcu-
lated separately from the German populations to not bias the 
results. Nevertheless, using laboratory strains as outgroups 
can provide valuable information, especially for testing the 
marker system and the effect of artificial breeding in the 
laboratory. The overall genetic and allelic diversity in the 
tested laboratory strains was lower than in the field collec-
tion from Germany with 42% less different alleles, 38% less 
effective alleles, 29% less observed heterozygosity and 31% 
less expected heterozygosity (Fig. 2 and Online Resource 
S4) making the laboratory strains less diverse than the Ger-
man field collections. The most diverse laboratory strain 
was LS_HG18, and the least diverse strain was LS_Canada. 
These results reflect well the time the strains were kept in 
the laboratory with LS_HG18 being the newest strain (one 
year in culture) and LS_Canada being one of the longer 
established ones (approx. eight years in culture). The FIS 
value was positive for most strains, which could indicate 
inbreeding, except for LS_France and LS_Valsugana with 

negative values, which can be interpreted as an excess of 
heterozygotes.

Genetic distance and relationship 
among populations and years

Laboratory strains were excluded from the analysis of 
molecular variance since they were expected to be highly 
inbred. AMOVA indicated that 98% of variation occurred 
within populations, while only 2% appeared among popu-
lations in 2017 and 2019. In 2018, 3% of variation origi-
nated among populations and 97% from within populations 
(Table 2). This data suggests that the tested populations were 
similar to each other and do not show differences between 
sampling years.

To detect possible genetic relationships between field and 
laboratory populations, PCoA was performed (Fig. 3). Over-
all, the separation between German populations was not dis-
tinct. The tested laboratory strains were noticeably separated 
from the German field collections but also from LS_HG18. 
LS_HG19, on the other hand, those two did show more simi-
larity to the laboratory strains than to the field collections, 
confirming the impact of laboratory cultivation over time. 
The laboratory strains showed that the used marker system 
in our experiment was able to discriminate between popula-
tions but that there were no apparent dissimilarities between 
German sample sites or years. This data suggests that tested 
German populations were similar over all three years and 
sample sites, which is in agreement with the results obtained 
with AMOVA.

Fig. 2   Level of genetic diversity across studied populations over 
three years. a Na = No. of different alleles; Ne = Number of effective 
alleles; Ho = observed heterozygosity; He = expected heterozygosity. b 

AP = No. of private alleles unique to a single population, FIS = mean 
inbreeding coefficient
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FST was used as a measure of genetic differentiation 
between populations. It compares the proportion of the 
genetic variation contained within a population relative to 
the total genetic variance and is derived from the variances 

of allele frequencies. To provide a less biased estimate of 
gene flow when sample sizes are moderate, FST was esti-
mated instead of RST (Gaggiotti et  al. 1999), which is 
analogous to FST, but is based on the stepwise mutation 
model (SMM) and can be estimated from the differences 
of allele sizes. The results revealed a minor differentiation 
(FST < 0.05) between all populations and years (Fig. 4 and 
Online Resource S7). In comparison, in experiments includ-
ing the long-term laboratory strains (LS_USA, LS_Canada, 
LS_Italy, LS_Frankfurt, LS_France and LS_Valsugana) 
54.64% of all FST values showed a moderate (0.1–0.25), 
43.17% a minor (FST < 0.1), and 2.19% a strong differen-
tiation (FST > 0.25) (Fig. 4 and Online Resource S7). The 
pairwise FST for laboratory strain LS_HG revealed that more 
differentiation was detected in the second year of inbreeding 
(2019) than in 2018. While the differentiation was moderate 
in 2018, it was moderate to strong in 2019, which means 
that the two years of inbreeding resulted in more substan-
tial differentiation compared to its origin (Fig. 4 and Online 
Resource S7).

Table 2   Summary of AMOVA result for German populations across 
three years

d.f. = degree of freedom; SS = sum of squares; VC = variance compo-
nents; % PV = percentage of total variation

Year Source of variation d.f SS VC % PV

2017 Among populations 8 65.41 0.08689 1.74
Within populations 331 1623.60 4.9051 98.26
Total 339 1689.01 4.9920 100

2018 Among populations 8 94.39 0.1711 3.34
Within populations 351 1738.67 4.9535 96.66
Total 359 1833.06 5.1246 100

2019 Among populations 9 81.07 0.09891 1.92
Within populations 390 1970.07 5.05147 98.08
Total 399 2051.14 5.15038 100

Fig. 3   PCoA at population level 
for 2017–2019 generated from 
14 microsatellite markers. a 
Samples of all populations in 
Germany from 2017 to 2019 
(●) and laboratory outgroups 
(▲ 8- to 10-year-old laboratory 
strains, ■ laboratory strains 
that were established between 
2014 and 2016, ✖ laboratory 
strain established from the wild 
population HG17, ✚ laboratory 
strains LS_France and LS_Vals-
ugana which were established 
in the year 2018) b PCoA for 
German populations sampled 
in 2017 c The lower left shows 
the result for the year 2018 d 
PCoA for German populations 
sampled in 2019
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To infer (genetic) population structure, a Bayesian model 
was used, which detects clusters of genetically similar indi-
viduals within subpopulations. First, we excluded all labora-
tory strains, but STRU​CTU​RE was unable to identify popu-
lation structure in the German data set. Adding laboratory 
strains LS_USA, LS_Canada, LS_Italy, LS_France, and 
LS_Valsugana for comparison revealed two lineages (K = 2) 
throughout all three years, and populations (Fig. 5). The two 
most reasonable values for K were K = 2 and K = 3, with 
the more likely one being K = 2, according to the analysis 
of ∆K. LS_HG18 and LS_HG19 were excluded from this 
analysis after we saw that including them changes the STRU​
CTU​RE outcome. For the analysis including LS_HG18 and 
LS_HG19, three lineages (K = 3) were identified, with K = 4 
being also a possible K value but not the most likely one, 
according to the analysis of ∆K. In both cases, the two most 
likely K are displayed (Fig. 5) to overcome the problem of 
underestimating the “true” value of K (Janes et al. 2017). 
These results indicate that German populations are not struc-
tured, since only the additional usage of distinct laboratory 
strains resulted in the detection of population structure. This 
finding indicates that most likely a single genetic cluster 
explains the distribution of genetic variation in the sampled 
German populations.

A neighbor-joining tree based on Nei’s genetic distance 
corresponds to findings in STRU​CTU​RE and FST (Fig. 6). 
The German populations were not grouped in any way, and 
the differences to laboratory strains were visible. While LS_
HG18 was already separated from the German field collec-
tions after one year in culture, the separation got even more 
prominent in LS_HG19 after two years in culture.

A bottleneck analysis was used to test the hypothesis of a 
recent expansion or bottleneck in each of the 28 populations 
from Germany, not including the laboratory strains since 
they were irrelevant for the detection of recent reduction 
or expansion of the population size (Online Resource S9). 
Under the stepwise mutation model (SMM), no bottleneck 
event was detected. In contrast, significant heterozygote defi-
cit was identified in FF19 (P = 0.021), PM18 (P = 0.010), 
R17 (P = 0.002), R18 (P = 0.002) and R19 (P = 0.021) sug-
gesting that a recent expansion took place. However, under 
the two-phase model (TPM model), none of the abovemen-
tioned expansion signals could be confirmed. Instead, a bot-
tleneck event was more likely in HOH18 (P = 0.029), HG18 
(P = 0.045) and DO18 (P = 0.045).

Fig. 4   Pairwise FST among studied populations over three years. 
Eight laboratory strains (LS_France, LS_Valsugana, LS_Italy, LS_
Frankfurt, LS_USA, LS_Canada, LS_HG18, and LS_HG19) and 28 
populations from Germany, collected over three years, are shown in 

pairwise comparisons. Values are color coded (light gray = FST < 0.1: 
minor differentiation; gray = 0.1 < FST < 0.25: moderate differentia-
tion; black = FST > 0.25: strong differentiation)
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Fig. 5   Structural analysis on D. suzukii populations in Germany. 
a 34 populations with a total of 670 individuals were analyzed: six 
laboratory strains (LS_USA, LS_Canada, LS_Italy, LS_Frankfurt, 
LS_France, and LS_Valsugana), nine populations from 2017, nine 
populations from 2018 and ten populations from 2019; the possible 

number of clusters are shown for K = 2 and K = 3. b 36 populations 
with a total of 710 individuals are shown. In addition to the 34 popu-
lations in A), laboratory strains LS_HG18 and LS_HG19 were added 
to the calculation. Shown are the two clusters K = 3 and K = 4

Fig. 6   Unrooted neighbor-joining tree based on Nei‘s genetic dis-
tance. Allelic frequencies were obtained with 14 microsatellite 
markers for the 36 D. suzukii populations. Circles represent popula-
tion origin with 1 = long-established laboratory strains (2010–2016), 

2 = laboratory strains from France (LS_France, 2018) and Italy (LS_
Valsugana, 2018), 3 = laboratory strain from Bad Homburg (2017) 
and 4 = German populations collected over three years (2017–2019) 
in the field
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Discussion

Invasive species like the SWD constitute a threat to agricul-
ture, economy, and biodiversity (Mooney and Cleland 2001). 
Thus, understanding population movement, genetic struc-
ture, and diversity is one crucial component for the develop-
ment of pest management strategies. This study addressed 
the spatial and temporal genetic variation of SWD popula-
tions in Germany for three years (2017–2019).

Our analysis of microsatellite markers revealed that levels 
of genetic diversity in Germany are comparable with other 
European countries (Tait 2017) and that genetic differentia-
tion of sampled SWD is reflected among individuals within 
populations but not among populations from different sam-
ple sites. None of the populations showed a gain or loss of 
genetic information over the years. The results suggest a 
substantial gene flow and a more homogeneous gene pool 
across different geographical populations. Also, no differ-
ences were found between sample sites close to cities like 
Dortmund (DO) and populations in more rural areas like 
Derwitz (PM). The mean inbreeding coefficient (FIS) was 
positive in most populations. This is usually interpreted as a 
sign of inbreeding, but in this study, precautions were taken 
during the sampling to avoid this. Another factor that can 
influence the FIS value is the presence of null alleles. Since 
null alleles can cause a reduction in heterozygosity, the FIS 
value increases. However, we did not include microsatellite 
markers that showed the possibility of null alleles in our 
final data set.

Furthermore, methodological issues can also be excluded, 
since the marker system established by Fraimout et  al. 
(2015) and used in this study, was detecting genetic differ-
ences between our laboratory strains (LS_USA, LS_Canada, 
LS_Italy, LS_Frankfurt, LS_Valsugana, LS_France and 
LS_HG18 or LS_HG19). This study suggests that SWD 
is a well-established, uniform population in Germany, that 
might not be altered much by additional invasions. Based on 
the low differentiation between populations and years, there 
are either no reinvasions taking place or they do not have 
an impact on local populations. This is supported by our 
STRU​CTU​RE, NJ, and PCoA results, which did not group 
German populations into distinct subpopulations. The lack 
of admixture suggests that colonization may have involved 
a single founder population rather than individuals from dif-
ferent origins. This is in contrast to findings from Ukraine, 
which found evidence for multiple sources of SWD inva-
sions into Europe (Lavrinienko et al. 2017). On the other 
hand, our results are in accordance with results demonstrat-
ing European populations of SWD were genetically more 
homogenous with lower levels of genetic diversity compared 
to populations from North America (Adrion et al. 2014; 
Fraimout et al. 2017).

Based on our presented data, it seems likely that SWD 
established itself in Germany, which is not a surprise consid-
ering its invasion history in other parts of the world (Asplen 
et al. 2015). SWD has a relatively high reproductive capacity 
with a single female laying hundreds of eggs during its life 
with up to 10 generations a year (Walsh et al. 2011), which 
plays an important role in its invasion success. Addition-
ally, SWD fits the European and German ecosystem, where 
there is only a constrained number of natural predators and 
parasitoids (Chabert et al. 2012; Rossi et al. 2015). Geo-
graphic barriers like mountains, lakes, and rivers can lead to 
genetic differences in populations. Germany is only streaked 
by an orogenic belt of relatively low mountains and hills, the 
Central German Uplands, but not by high mountain ranges. 
Based on the low variation among populations, it seems that 
these geographic properties do not act as barriers or at least 
they are not isolating populations. Also, SWD can move 
from high to low elevations, travel long distances by flight 
and distinct populations from island versus mainland can 
be found (Tait et al. 2017, 2018). In this respect, it would 
be interesting to analyze samples from a German island in 
the North Sea or Baltic Sea in the future. Another factor 
that can influence populations is the climate. Even though 
climate, temperature, and humidity differ to a certain extent 
between sampling locations and years, we were not able to 
detect these differences in our data. These findings again 
match the results from Tait et al. (2017), who did not detect 
differences between the populations from the much colder 
climate of Trentino compared to the rest of Italy.

All invasive species, independent from their origin, have 
in common that passive transport enables their success-
ful spread (Banks et al. 2015). Anthropogenic transport of 
goods is an important aspect for the dissemination of flies 
since it facilitates the gene flow between locations and inter-
national trade via air and sea transport provide new pathways 
for the spread of insect pest in general (Hulme 2009). Even 
though it seems to be impossible to reconstruct the exact 
routes in detail due to the enormous amount of imported 
fresh produce, it is reasonable to assume that transporta-
tion of host fruits and plants lead to an extensive move-
ment of SWD or other pests not only across Germany but all 
over Europe (Cini et al. 2014). Germany is importing large 
amounts of host plants and crops from all around the world. 
A look at the importation routes shows that most fresh fruits 
are imported from within Europe, namely Spain and Italy 
but also from the USA, and South America (source: Interna-
tional Trade Center, www.​trade​map.​org). In that respect, dis-
tinct populations could be possible, but we did not find proof 
for this. With the data obtained in this study, it is not pos-
sible to reconstruct invasion routes from outside Germany, 
but would be an interesting aspect for further experiments. 
However, our collection did not include SWD samples from 
countries like Spain or the US and, therefore, it is not clear 

http://www.trademap.org
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where the German population might have originated from. 
However, Fraimout et al. (2017) did find evidence that the 
German sample site in their experiment most likely origi-
nated from an admixture of SWD populations from Asia 
and the eastern US. In general, a better comprehension of 
genetic structure, population dynamics and the reconstruc-
tion of invasion routes could improve the pest control at a 
regional scale.

Another option for integrated pest management and envi-
ronmentally friendly alternatives to pesticides could be the 
Sterile Insect Technique (SIT) that has proven highly effec-
tive in agricultural insect species (Krafsur 1998; Benedict 
and Robinson 2003; Wyss 2006; Augustinos et al. 2017). 
For SIT programs, sterilized male individuals are released 
into the environment and lead to infertile matings that could 
reduce the population size of SWD in the future. Several cur-
rent SIT programs consider the genetic background refresh-
ing as a vital tool for mating success and efficacy of the 
release programs (Estes et al. 2012; Zygouridis et al. 2014; 
Parreño et al. 2014). Due to our findings of genetic uniform-
ity in wild German SWD populations, we hypothesize, that 
this could be beneficial for the mating success of a single 
suitable mass-reared SWD strain to different wildtype popu-
lations during a SIT program. Therefore, while SWD control 
is still challenging, biological control methods, including the 
SIT, remain a beneficial option for sustainable pest control.

Furthermore, our study demonstrates that experiments 
that are meant to produce data for field applications should 
be performed with freshly sampled flies because SWD labo-
ratory strains are different from wild populations and can 
change reasonably within two years. Our newly established 
laboratory strain LS_HG illustrated the effects of labora-
tory inbreeding, change of genetic markers, and a decline 
of allelic diversity. Whether this decline is due to a ran-
dom selection of individuals during stock keeping or due 
to laboratory "adaptation" cannot be concluded from our 
data. However, over two years, the strain got more similar to 
other laboratory strains. This effect is important to consider 
during scientific experiments that rely on the use of labora-
tory strains (Lee et al. 2011; Kinjo et al. 2014; Shearer et al. 
2016; Hamby et al. 2016). These strains are often kept over 
several years or even decades without any changes. This 
way, transparent and easily reproducible experiments can 
be performed, and results from those studies are taken as 
the threshold for similar experiments and as a portrayal of 
natural processes. However, strains that arise from human 
cultivation undergo evolutionary genetic changes (Knudsen 
et al. 2020). Therefore, for evaluations of the efficiency of 
naturally occurring predators, parasitoids, bacteria or viruses 
for biological pest control, invasion history, or behavior, 
fresh field collections or genetically refreshed strains should 
be the first choice over highly inbred laboratory strains.
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