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Abstract The American cherry fruit fly is an invasive pest species in Europe, of serious concern in tart cherry
production as well as for the potential to hybridize with the European cherry fruit fly,Rhagoletis cerasi
L. (Diptera: Tephritidae), which might induce new pest dynamics. In the first European reports, the
question arose whether only the eastern American cherry fruit fly, Rhagoletis cingulata (Loew) (Di-
ptera: Tephritidae), is present, or also the closely related western American cherry fruit fly, Rhagoletis
indifferens Curran. In this study, we investigate the species status of European populations by com-
paring these with populations of both American species from their native ranges, the invasion
dynamics in German (first report in 1993) and Hungarian (first report in 2006) populations, and we
test for signals of hybridization with the European cherry fruit fly. Although mtDNA sequence gene-
alogy could not separate the two American species, cross-species amplification of 14 microsatellite
loci separated them with high probabilities (0.99–1.0) and provided evidence for R. cingulata in
Europe. German andHungarian R. cingulata populations differed significantly inmicrosatellite allele
frequencies, mtDNA haplotype and wing pattern distributions, and both were genetically depauper-
ate relative to North American populations. The diversity suggests independent founding events in
Germany andHungary.Within each country, R. cingulata displayed little or no structure in any trait,
which agrees with rapid local range expansions. In cross-species amplifications, signals of hybridiza-
tion between R. cerasi and R. cingulata were found in 2% of R. cingulata individuals and in 3% of
R. cerasi. All putative hybrids had R. cerasi mtDNA indicating that the original between-species
mating involved R. cerasi females andR. cingulatamales.

Introduction

Invasive species have serious impacts on agricultural crops
and biodiversity worldwide (Shine, 2007; Vi"e et al., 2009).
Deleterious effects may take place by direct interaction
between species for resources, such as predation, herbiv-
ory, or competitive exclusion (Reitz & Trumble, 2002;

Doody et al., 2009; Luan et al., 2012), whereas indirect
effects between native and invasive species can arise via the
transmission of new pathogens (Kozubikova et al., 2009).
A third potentially serious impact of invasive species
involves altering the genetic constitution of native species
through hybridization and introgression. This may for
example lead to species erosion (Elledge et al., 2008) or
new disease syndromes (Brasier, 2001; Nunney et al.,
2010).
The eastern American cherry fruit fly, Rhagoletis cingu-

lata (Loew) (Diptera, Tephritidae), is an invasive species
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in Europe that causes direct negative effects in agricultural
cherry production and potentially poses the threat of
hybridizing with the native European cherry fruit fly,
Rhagoletis cerasi L. Direct negative effects are caused by lar-
val infestation of cherries, particularly in Prunus cerasus L.
(tart cherry; Rosaceae) (Lampe et al., 2005). The infesta-
tion of tart cherries poses a new pest syndrome because
important economic varieties like ‘Schattenmorelle’ and
‘Gerema’ mature roughly 3–4 weeks later than the main
sweet cherry varieties, Prunus avium L., and, in doing so,
they have avoided high infestation rates by R. cerasi, whose
peak flight period is mainly timed to the phenology of
middle- to late-ripening sweet cherry. By contrast, the
flight period of R. cingulata coincides with the above-
mentioned tart cherry varieties causing infestation rates up
to 30% (Vogt, 2007; Vogt et al., 2010). Reported for the
first time in Europe in 1983 in Switzerland and in 1993 in
Germany, R. cingulata is now established in Germany
(Lampe et al., 2005; this study) and The Netherlands
(Smit &Dijkstra, 2008), whereas recent reports fromHun-
gary (Sze€oke, 2006) and Slovenia (OEPP/EPPO, 2007)
indicate new pest status in these countries.
The potential threat of hybridization posed by Ameri-

can cherry fruit flies is the possibility for introgression into
R. cerasi populations and the evolution of novel pest
dynamics. In the Tephritidae, plants for oviposition also
act as mating locations (Zw€olfer, 1974). Both the Ameri-
can and the European cherry fruit fly use cherry trees as
mating location, and this creates the possibility for contact
and hybridization between them. In North America, inde-
pendent host plant shifts of two native Rhagoletis species,
Rhagoletis mendax Curran and Rhagoletis zephyria Snow,
to the same introduced plant, Lonicera spec., has led to the
evolution of a hybrid Rhagoletis species (Schwarz et al.,
2005). Although American and European cherry fruit flies
have different peak flight and mating periods, they show
considerable overlap (Lampe et al., 2005; Vogt et al.,
2010). The phenological overlap, and with it the potential
for increasing mating interactions between the species, can
be extended by prolonging the sweet cherry season with
late varieties or by different management practices (Teix-
eira et al., 2007). The observation that some R. cerasi do
not diapause (K€oppler, 2008) could also lead to a second
generation in the late flight period of R. cingulata. Finally,
contact between the species may be facilitated by the wide
distribution in Europe of the native host plant Prunus
serotina Ehrh. (black cherry). Thus, both the possibility
of bridging flight seasons and the introduction of a new
host plant to R. cerasi (i.e., P. serotina) may facilitate
hybridization.
The cherry-infesting R. cingulata species complex is

divided into four species (Bush, 1966; Smith & Bush,

1997), of which the two most widespread are R. cingulata
and Rhagoletis indifferens Curran. In the first reports from
Europe, it was debated whether one or both of these two
species were present (Merz, 1991). The two species are
genetically closely related (Berlocher & Bush, 1982; Smith
& Bush, 1997) and morphologically very similar (Bush,
1966). In the native range, the main identification trait of
these very similar species is the geographical distribution.
The eastern cherry fruit fly R. cingulata occurs in eastern
and midwestern USA, Canada, and Mexico, whereas the
western cherry fruit fly R. indifferens is found in western
North America.Morphologically,R. cingulata has a yellow
fore coxa and the anterior apical crossband on the wing is
often reduced to an isolated spot, whereas R. indifferens
has posteriorly black shaded fore coxa and the anterior
apical crossband is rarely reduced to an isolated spot
(Foote et al., 1993). Although the morphological determi-
nation is most easily based on the frequency of the
crossband’s spot-line pattern, it remains a frequency based
and not a decisive trait and this has perhaps led to confu-
sion in species determinations outside the core distribu-
tion ranges in USA (CABI, 2012) and in the invasive range
in Europe (Merz, 1991; van Aartsen, 2001).
In this study, we asked the following four questions to

explore the species status and population dynamics of
American cherry fruit flies in Europe. (1)Which species is/
are present in Europe? (2) How genetically structured
are European populations of American cherry fruit flies?
(3) Are there signs of multiple introductions in the Euro-
pean populations? (4) Are there signals of hybridisation
with the European cherry fruit fly? The second question
addresses the relative rate of dispersal in the introduced
range. We answer these questions by comparing allele fre-
quency distributions at 14 microsatellite loci, mtDNA
haplotypes, and wing patterns of North American cherry
fruit flies sampled in Germany and Hungary and compare
themwith reference populations of R. cingulata and R. in-
differens from eastern and western North America, respec-
tively, and R. cerasi collected in Germany and Austria. The
European populations of American fruit fly in this study
represent a succession of population establishments: ‘old’
populations in western Germany, ‘middle-aged’ popula-
tions in eastern Germany, and ‘young’ populations in
Hungary.

Materials and methods
Sampling

Flies were collected in North America and Europe in 2009
and 2010 in P. avium (sweet cherry) and P. cerasus (tart
cherry) orchards and in stands of P. serotina (black
cherry), with yellow sticky traps or as larvae from infested
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fruits. One population from Canada was collected on Pru-
nus emarginata Eaton (bitter cherry). The flies were
brought to the laboratory, removed from the traps, and
stored in 70–90% ethanol at!20 °C until genetic analysis.
When possible, all flies were sexed and the wing pattern
(spot or line) was recorded (Table 1). The distance by air
between western and eastern German populations was
250–530 km, between eastern Germany and Hungary ca.
850 km, and between western Germany and Hungary ca.
800 km.

DNA amplification procedures

DNA was extracted with the High Pure PCR Template
Preparation Kit (Roche Diagnostics, Grenzach-Wyhlen,
Germany) following the manufacturer’s protocol. DNA
concentrations and purity weremeasuredwith aNanodrop
1000 UV/VIS-Spectrometer (PEQLAB Biotechnologie,

Erlangen, Germany). The extracted DNA was diluted to
50 ng ll!1 and stored at!20 °C until use.
The 14 microsatellite loci used in this study (Maxwell

et al., 2009) were amplified in four multiplex reactions
(primer mix A: WCFF-024, -111, -061B; primer mix B:
WCFF-031, -083, -048; primer mix C1: WCFF-084A,
-086A, -049, -105; and primer mix C2: WCFF-007, -093,
-011, -057). The PCR and multiplex conditions in the
present study differ from those of Maxwell et al. (2009); a
comparison of the methods is presented in Appendix S1.
The PCR was carried out using a total volume of 10 ll
(5 ll 2 9 QIAGEN Multiplex PCR Master Mix, 1 ll pri-
mer mix, 2.5 ll RNAse-free water, and 1.5 ll DNA tem-
plate) and with a final primer concentration of 0.2 lM in
all four multiplex sets. The cycling protocol followed the
manufacturer’s standard with an annealing temperature of
60 °C for all four multiplex sets. An initial activation step

Table 1 Populations investigated for American and European cherry fruit flies (Rhagoletis spp.). The population number (#) refers to
Figure 1. n, number of analysed flies. Wing pattern numbers represent the number of flies with spot/line patterns and are based on flies
with intact wings

Species Country Region/state Population (#) n
Wing
pattern

Host plant
(Prunus spp.) Sampled by

R. cingulata USA Michigan Coloma (16) 9 8/1 P. cerasus LAF Teixeira
Laubach (17) 4 2/1 – NRothwell
Evans (18) 8 3/2 – NRothwell
Watervliet (19) 34 30/4 P. serotina LAF Teixeira
CB Setterbo (20) 16 12/1 – NRothwell

Hungary Pest #Erd-Elvira (12) 57 11/44 P. cerasus, P. avium E Voigt
Veszpr"em Fel~o€ors (13) 32 – – C Stauffer
Fej"er Ag"ard (14) 28 11/16 P. cerasus, P. avium E Voigt
Pest S"osk"ut (15) 8 2/4 P. cerasus E Voigt

Eastern
Germany

Th€uringen Ammern (1) 186 125/61 – EMaring
D€ollst€adt (2) 10 7/3 – EMaring

Brandenburg Frankfurt-Oder-N (3) 63 42/21 P. serotina UHolz
Frankfurt-Oder-Q (4) 71 41/29 P. serotina UHolz

Sachsen Dresden (5) 10 – – A Trapp
Th€uringen Kleinfahrer (6) 17 15/2 – EMaring

Western
Germany

Baden-W€urttemberg Dossenheim (7) 17 12/7 – HVogt
Mannheim (8) 50 38/7 P. serotina HVogt

Rheinland-Pfalz Ingelheim (9) 74 40/34 P. cerasus GHensel
Heidesheim-1 (10) 16 – P. cerasus GHensel,

WDahlbender
Heidesheim-2 (11) 25 – P. cerasus GHensel,

WDahlbender
R. indifferens USA Utah Kaysville (22) 19 0/15 P. cerasus DAlston

Washington Cle Elum (21) 30 8/19 P. avium WYee
Canada British Columbia Creston (23) 11 – P. emarginata HThistlewood

Salmon Arm (24, 25) 6 – P. emarginata HThistlewood
WCFF (26) 10 0/9 – HThistlewood

R. cerasi Germany Dossenheim (27) na P. avium HVogt
Austria Vienna (28) na P. avium C Stauffer

–, no data; na, not applicable.
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(15 min at 95 °C) was followed by a 3-step cycling: dena-
turation 30 s at 94 °C, annealing 90 s at 60 °C, extension
60 s at 72 °C, with 30 iterations, and a final extension of
30 min at 60 °C. The fragment analysis was performed on
a GA3130XL Genetic Analyzer (Applied Biosystems,
Darmstadt, Germany). For the analysis, 1 ll of the PCR
product was added to 11.7 ll of Hi-Di Formamide
(Applied Biosystems) and 0.3 ll of GeneScan 500 ROX-
Standard (Applied Biosystems) in an ABgene 96well-plate
(Thermo Fisher Scientific,Waltham,MA, USA). The solu-
tion was denatured at 95 °C for 3 min using a BIOER
Mixing Block MB-102 (BIOER Technology, Hangzhou,
China). Genotypes were scored with GeneMapper v. 4.0
(Applied Biosystems) using the automatic scoring func-
tion. All genotypes were checked and edited manually.
A partial sequence of the mtDNA gene cytochrome oxi-

dase subunit 1 was amplified with primers C1-J-1751
(5′-GAG-CTC-CTG-ATA-TAG-CTT-TTC-C-3′) and C1-N-
2776 (5′-GGA-TAA-TCA-GAA-TAT-CGT-CGA-GG-3′)
(Hedin &Maddison, 2001) using the amplification proto-
col therein. Purified PCR products were sequenced on an
ABI 3130xl capillary sequencer. Sequences were aligned
using the program Sequence Navigator (ABI, Applied Bio-
systems). Subsequently, all aligned sequences were checked
manually.

Microsatellite genetic analysis

Microsatellite analyses were based on 57 R. cingulata from
Michigan, 75 R. indifferens from the western USA and
Canada, 319 American cherry fruit flies collected in wes-
tern and eastern Germany and in Hungary, and 27 R. cer-
asi collected in Germany and Austria. Microsatellite allele
frequencies and genetic diversity indices were estimated as
expected heterozygosity (He) and allelic richness (AR) per
population or species with FSTAT v. 2.9.3.2 (Goudet,
1995). The frequency of null alleles per locus and popula-
tion was calculated with GENEPOP v. 4.0 (Rousset, 2008).
Differences in mean genetic diversity among three Euro-
pean regions (West and East Germany, Hungary) and spe-
cies in North America were examined with ANOVA, and
compared between pairs of populations with Tukey HSD
tests (VassarStats: Website for Statistical Computation,
http://vassarstats.net/).
Microsatellite allele frequencies at the species level were

estimated to determine species-specific and diagnostic
alleles. Species-level allele frequencies were calculated by
including all individuals belonging to each species. We
defined species-specific alleles as those alleles that were
present above 0.10 in the focal species and lacking in non-
focal species. Diagnostic alleles were defined as alleles that
were present in non-focal species with a frequency of less
than 0.05 and above 0.20 in the focal species. Differences

in diversity estimates between species-pairs were tested
across the 14 loci with paired t-tests. The estimate of spe-
cies-specific allelic richness was based on 22 individuals,
the lowest number of individuals scored for any locus and
species. Expected heterozygosity was based on the
unweightedmean across loci within each species.
We used Bayesian analysis to investigate the number of

species, and for inferences regarding founder events and
multiple vs. single origin of American fruit fly in Europe.
In a first analysis including all individuals, we used the
program STRUCTURE 2.3.3 (Pritchard et al., 2000) as an
assignment test to test the hypothesis that the three cherry
fruit fly species, R. cingulata, R. indifferens, and R. cerasi,
are genetically different by fixing the number of genetic
clusters to K = 3. In this analysis, both European and
reference populations of the American species were
included. The analysis was performed twice, with correlated
and uncorrelated allele frequencies. The analyses were done
with all 14 loci, and for a data set excluding locus 007
because it did not amplify inR. cerasi (see Results). In a sec-
ond analysis, we used STRUCTURE to evaluate the number
of genetic clusters of the American fruit fly species found in
Europe. In this analysis, we included both American and
European populations, but excluded putative hybrid indi-
viduals. Structure was run with a burn-in of 5 000 genera-
tions and MCMC of 50 000 generations. Twenty runs
were carried out for each K to quantify the variance of the
likelihood estimate. The likelihood distribution was analy-
sed by the method of Evanno et al. (2005) where the
inferred K (except for K = 1, which cannot be detected by
this method) is a peak at the second rate of change of the
likelihood function with respect to K (DK).
The genetic relationship among populations was calcu-

lated with the UPGMA method and compared with the
Bayesian analysis. In effect, Bayesian analysis is a phyloge-
netic inference in the sense that the membership of popu-
lations to successive genetic clusters, as K increases,
correspond to significant branches between these clusters
in the phylogenetic tree. The difference and therefore the
reason for using both methods concerns the way the
(same) data are computed. Corroboration of the methods
therefore strengthens the generality of the results.
Genetic differentiation among populations, FST, was

estimated among populations within Europe and for
European and ancestral American populations with
ARLEQUIN version 3.5 (Excoffier & Lischer, 2010). In
three hierarchical analyses of molecular genetic variance
(AMOVA), we estimated the amount of differentiation
explained by mean differentiation among populations
within geographic regions, FSR, and that among geo-
graphic regions, FRT. The three hierarchical analyses were
performed to evaluate differentiation (1) between western

4 Johannesen et al.



and eastern Germany, (2) between Germany and Hungary
(European level), and (3) among Germany, Hungary, and
USA (global level).

mtDNA analyses
We sequenced 800 bp of the COI gene from 43 R. indiffe-
rens and 33 R. cingulata from North America, 89 Ameri-
can cherry fruit flies collected in Europe, and five R. cerasi.
The genealogy of mtDNA haplotypes was calculated from
the number of mutational differences and visualized with
a minimum spanning network. Genetic diversity of
mtDNA was estimated as the number of haplotypes and as
nucleotide diversity per population (ARLEQUIN version
3.5). Differences in mean mtDNA diversity among the
three European regions and the species in North America
were tested with t-tests. Different frequency distributions
between two regions/species were tested with Fisher’s exact
tests using the Freeman-Halton extension for 2 9 3 tables
(VassarStats). In this test, the frequencies of the two most
common haplotypes were considered with the frequency
of a third haplotype, which was the pooled frequency of all
rare haplotypes.

Wing pattern analysis

Analyses of wing patterns were based on 64 R. cingulata
and 52 R. indifferens fromNorth America and 572 Ameri-
can cherry fruit flies collected in Europe. The wing pattern
was quantified aswhether the anterior apical crossbandwas
unbroken (line pattern) or discontinuous (spot pattern).
The spot-line ratio between regional populations and/or
specieswas testedwith Fisher’s exact tests (VassarStats).

Results
Cross-species amplification of microsatellite loci

Cross-species amplification of 14 microsatellite loci devel-
oped forR. indifferens (Maxwell et al., 2009) was successful
for all loci inR. cingulata and for 13 loci in R. cerasi, where

there was complete amplification failure at locus 007. In
R. cerasi, genotypes at locus 011 were generally either
homozygous for allele 239 or were distributed around an
allele length of 265. The genotype pattern in 011 R. cerasi
might indicate sex-linkage, but unfortunately we do not
know the sex of the sampled individuals. Because
genotypes of 011 (and all other loci) in R. cerasi were
reproducible, they were considered in the species-level
analysis. The mean frequency of null alleles per locus per
population in R. cingulata was equal in USA and Europe
(0.078) and similar to the mean frequency estimated
in R. indifferens (0.081), and higher than that estimated
for R. cerasi (0.016). The allele sizes in this study fall
within the range reported in Maxwell et al. (2009)
(Appendix S1).

Species status and diversity –microsatellites

The STRUCTURE analysis for species affiliation with fixed
K = 3 correctly assigned all North American individuals
of R. cingulata and R. indifferens, and European R. cerasi,
and assigned American cherry fruit flies in Europe to
R. cingulata with high membership assignments of 0.99–
1.00 (Figure 1). (K = 3 was also inferred as the optimal
number of genetic clusters in a sequential test fromK = 1–
12; results not shown). Exceptions to the highmembership
assignments were found in five German and two Hungar-
ian (total = 7) R. cingulata and in one R. cerasi (light
grey/black bars in Figure 1). These eight individuals had
assignment probabilities intermediate between R. cingula-
ta and R. cerasi, with assignment probabilities to R. cingu-
lata ranging from 0.11 to 0.77. The divergence between
R. cingulata and R. indifferens was confirmed in Bayesian
analyses including these two species only (fixed K = 2,
probability scores >0.99) (results not shown) and by UP-
GMA analysis (Figure 2).
Membership assignments above 0.99 were achieved

through many specific and diagnostic alleles: we found 10
specific alleles at seven loci and one diagnostic allele at one

R.cingulata R.indifferens R.cerasi

Germany Hungary USA USA/Canada D/A
1.00

0.80

0.60

0.40

0.20

0.00

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15,16,17,18 19 20 21 22 23 26 27 28
24,25

Figure 1 Bayesian STRUCTURE analysis based on 14microsatellite loci for inference of individual affiliation to Rhagoletis cingulata
(light grey), R. indifferens (dark grey), and R. cerasi (black). All individuals except seven R. cingulata and one R. cerasiwere assigned to
the predicted species with probabilities >0.99. The eight intermediate individuals (light grey/black bars) are putative hybrids between
R. cingulata and R. cerasi; all had R. cerasimtDNA. Population names are given in Table 1.
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locus in R. cingulata, 11 specific alleles at six loci and six
diagnostic alleles at six loci in R. indifferens, and six spe-
cific alleles at four loci and two diagnostic alleles at one
locus in R. cerasi (Appendix S2). In addition, complete
amplification failure at locus 007 in R. cerasi makes this
locus diagnostic for detecting hybrids or introgression in
presumed R. cerasi, i.e., amplification of the locus indi-
cates that R. cingulata or R. indifferens alleles are present.
Alternatively, lack of amplification at 007 in R. cingulata
or R. indifferens is only semi-diagnostic for detecting
introgression because 007 had an amplification failure in
3%of individuals in these two species.
Allelic richness was significantly higher in R. cingulata

than in R. indifferens (mean AR = 6.977 vs. 5.042; paired
t-test: t = 2.4, d.f. = 13, P = 0.03), but the species did not
differ in mean heterozygosity (He = 0.68 vs. 0.60;
t = 1.15, d.f. = 13, P = 0.27). Rhagoletis cerasi was signifi-
cantly less polymorphic at the loci investigated, with mean
He = 0.346 (R. cingulata: t = 4.13; R. indifferens:
t = 3.31, both d.f. = 13, P<0.01), and mean AR = 3.01
(R. cingulata: t = 5.23, d.f. = 13, P<0.001; R. indifferens:
t = 2.64, d.f. = 13, P = 0.02).

Species status and diversity –mtDNA

We observed seven haplotypes in R. cingulata and three in
R. indifferens (GenBank accession numbers JX315331-
JX315339). In contrast to microsatellite data, the mtDNA
sequence genealogy did not separate R. cingulata and
R. indifferens into two distinct units. Both species shared
haplotype C1, which was the dominant haplotype in both
species in North America (Table 3, Figure 3). The second
most common R. cingulata haplotype, C2, was not
observed in our R. indifferens populations, which were all,
except the population Cle Elum, mostly monomorphic for
C1. The population Cle Elum had the R. indifferens-spe-
cific haplotypes I2 and I3, but lacked C1. Hence, in North
America, the haplotype frequency distribution differed sig-
nificantly between the species; this was caused by (1) the
population Cle Elum (including Cle Elum: P<0.0001) and
(2) monomorphism of C1 (excluding Cle Elum: P<0.01)
(Freeman–Halton extension of Fisher’s exact tests).
We observed a single haplotype in R. cerasi (accession

number JX315340; identical to R. cerasi DQ006858.1; M
Pfunder, B Frey & JE Frey, unpubl.). The haplotype
differed by 0.11 sequence divergence from the North
American species.
All the eight individuals withmicrosatellite membership

assignments intermediate between R. cingulata and R. ce-
rasi (0.11–0.77) had the R. cerasi mtDNA haplotype. By
contrast, all 115 R. cingulata with microsatellite member-
ship assignments >0.99 had R. cingulata haplotypes. The
distribution of haplotypes differed significantly between
R. cingulata of intermediate (0.11–0.77) and pure (>0.99)
nuclear genetic status (Fisher’s exact test: P<0.0001).

Population structure of Rhagoletis cingulata –microsatellites

Three genetic clusters of R. cingulata were identified with
the method of Evanno et al. (2005) (Appendix S3). The

Ammern

FF-N

Mannheim

Kleinfahrer

FF-Q

Dossenheim

Ingelheim

Heidesheim-2

Heidesheim-1

Dresden

Doelstadt

CB

Evans

Erd Elvira

Veszprem

Agard

Soskut

Coloma

Watervliet

Laubach

Cle Elum

Creston

Kaysville

WCFF

100

95

93

90

R. cingulata

R. indifferens

73

100

Germany

USA

Hungary
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Figure 2 UPGMAphenogramwith bootstrap scores (>70) based
on 14microsatellite loci showingmonophyly ofRhagoletis
cingulata andR. indifferens, the basal position of American
R. cingulata populations relative to European populations, and a
separate clade of Hungarian populations within Europe.

C1

C2

C6

C5

I3 I2C4

C3

C7

Figure 3 Minimum spanning network of ninemtDNA
haplotypes of the COI gene (800 bp) found inRhagoletis
cingulata (white), R. indifferens (black), or both species (grey).
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three clusters corresponded to populations in Germany,
Hungary, and USA, with mean membership probabilities
to each cluster of 0.64, 0.67, and 0.76, respectively.
STRUCTURE analyses of K!1 and K+1 were studied to
give inferences of the phylogenetic relationships leading to
the optimal number of clusters. K = 2 indicated that Hun-
garian and American populations (membership probabili-
ties to cluster 1 = 0.74 and 0.70) were more related to each
other than to German populations (membership probabil-
ity to cluster 2 = 0.76). For K = 4, the membership proba-
bility of American populations to a separate cluster stayed
constant, 0.67, whereas the membership probability of the
European populations collapsed to a maximum probabil-
ity of 0.41–0.50 of belonging to one of the three remaining
clusters. Phylogenetic inference with UPGMA corrobo-
rated the STRUCTURE analysis by showing a basal posi-
tion of American populations and a separate regional set
of populations in Hungary (Figure 2).
Microsatellite genetic diversity per population in

R. cingulata differed significantly among the four regions
of western Germany, eastern Germany, Hungary, and
USA (AR: F3,19 = 16.56, P<0.001; He: F3,19 = 8.75,
P<0.01). The difference among regions was caused by
greater diversity in the area of origin, Michigan, USA
(AR = 3.90, He = 0.72), than in the invasive area (Euro-
pean regions: AR = 3.37–3.60; He = 0.64–0.69; Tukey
HSD tests, see Table 2). In Europe, microsatellite genetic
diversity was slightly higher per population in Hungary
than in Germany, but only significantly so for allelic rich-
ness betweenHungary and western Germany (Table 2).
Genetic differentiation among all populations in Ger-

many was low, but significant (FST = 0.016, P<0.001) but

there was no significant differentiation between the East
and West German regions (FRT = 0.004, P = 0.098).
Genetic differentiation among all populations in Europe
was also significant (FST = 0.040, P<0.001), of which 68%
of the variance was explained by differentiation between
German and Hungarian regional populations (FRT =
0.0275, P<0.001). The global level of differentiation among
European and American R. cingulata populations
remained significantly greater than zero, but including
American populations did not increase the differentiation
estimate relative to that observed in Europe alone
(FST = 0.040, P<0.001; FRT = 0.025, P<0.001).

Population structure of Rhagoletis cingulata –mtDNA

For the mtDNA data set, the frequency distribution of the
two common haplotypes C1, C2, and the pooled haplo-
type C3–C7 differed significantly between R. cingulata in
USA and Germany (Freeman-Halton extension, Fisher
exact test: P<0.001), Hungary and Germany (P<0.001),
but not between USA andHungary (P = 0.08). The distri-
butions in western and eastern Germany did not differ sig-
nificantly (Fisher’s exact test: P = 0.82) (Table 3). The
mean nucleotide diversity per population in R. cingulata
in USA (0.00102) was about twice the diversity found in
R. cingulata in Hungary (0.00054) and Germany
(0.00065), although this difference was not statistically sig-
nificant due to the lack of variation in the American popu-
lation Evans (Table 3). The higher diversity was caused by
more haplotypes in USA (n = 6) than in Hungary (n = 3)
andGermany (n = 2).

Population structure of Rhagoletis cingulata – wing patterns

The spot/line ratio did not differ significantly between
western (0.65) and eastern (0.66) German populations of
R. cingulata (Fishers exact test: P = 0.83). The ratio in
Germany was significantly lower than in the American
R. cingulata populations (0.85; P<0.001). In Hungary, the
line pattern was the most frequent pattern; thus the ratio
0.27 differed significantly from that in Germany and USA
(both P<0.001), but not from the ratio in investigated
R. indifferens from western North America, 0.16
(P = 0.14) (Figure 4).

Discussion

In this study, we genetically confirmed with microsatellites
the presence of the eastern American cherry fruit fly,
R. cingulata, in Europe, as assumed by previous authors,
while finding no evidence for the presence of R. indiffe-
rens. Our study successfully achieved cross-species amplifi-
cation of R. indifferens microsatellite loci (Maxwell et al.,
2009) in R. cingulata and R. cerasi. Due to many specific

Table 2 Mean microsatellite genetic diversity in Rhagoletis cingu-
lata in four geographic regions calculated across 14 microsatellite
loci, and Tukey HSD tests for differences between pairs of
regions

Region n

Diversity
estimate Tukey HSDAR/He

AR He

Eastern
Germany

Western
Germany Hungary

USA 5 3.90 0.72 **/* **/* **/ns
Eastern
Germany

6 3.53 0.69 ns/ns ns/ns

Western
Germany

5 3.37 0.66 */ns

Hungary 4 3.60 0.64

n, number of populations per region; AR, allelic richness; He,
expected heterozygosity; ns, not significant.
*0.01<P<0.05; **P<0.01.
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and diagnostic alleles and loci in each species (Appendix
S2), individuals of all three species were assigned and iden-
tified with probabilities above 99%. We also found signs

for hybridization in Germany and in Hungary between the
invasive R. cingulata and native R. cerasi. Together with
reported cross-species amplification in R. cingulata and

Table 3 Genetic diversity in populations of Rhagoletis cingulata and R. indifferens estimated for 14 microsatellite loci and 800 bp of the
mtDNA gene COI. The putativeR. cingulata-R. cerasi hybrids were excluded from the analyses

Species Country Population

Microsatellites mtDNA

n Ho He AR n C1 C2 C3 C4 C5 C6 C7 I2 I3 Nd (910!3)

R. cingulata USA Coloma 9 0.56 0.71 3.81 8 1 4 2 1 1.875
Laubach 4 0.57 0.79 4.07 4 4 0
Evens 8 0.63 0.72 4.00 – –
Watervliet 23 0.61 0.69 3.72 13 8 2 2 1 1.026
CB Setterbo 14 0.61 0.69 3.91 8 5 2 1 1.161

Hungary #Erd-Elvira 29 0.54 0.69 3.67 8 4 4 0.714
Fel~o€ors 32 0.59 0.69 3.67 8 7 1 0.313
Ag"ard 26 0.46 0.65 3.48 8 6 1 1 0.625
S"osk"ut 8 0.55 0.71 3.57 5 4 1 0.500

Eastern
Germany

Ammern 30 0.57 0.65 3.46 8 1 7 0.313
D€ollst€adt 10 0.50 0.65 3.44 6 4 2 0.833
Frankfurt-
OderN

27 0.55 0.65 3.53 4 2 2 0.833

Frankfurt-
OderQ

14 0.57 0.70 3.72 – –

Dresden 8 0.54 0.66 3.38 7 2 5 0.595
Kleinfahrer 10 0.48 0.69 3.63 4 1 3 0.625

Western
Germany

Dossenheim 17 0.60 0.66 3.55 – –
Mannheim 17 0.55 0.62 3.34 7 2 5 0.595
Ingelheim 30 0.54 0.63 3.33 11 4 7 0.636
Heidesheim-1 28 0.61 0.64 3.41 – –
Heidesheim-2 13 0.49 0.63 3.24 6 3 3 0.750

R. indifferens USA Kaysville 19 0.57 0.59 3.02 8 8 0
Cle Elum 30 0.44 0.56 2.87 15 9 6 0.595

Canada Creston 11 0.47 0.54 3.02 11 11 0
Salmon Arm 6 0.61 0.62 3.19 5 4 1 0.500
WCFF 10 0.49 0.50 2.61 4 4 0

n, sample size; Ho, observed heterozygosity; He, expected heterozygosity; AR, allelic richness; Nd, nucleotide diversity.
–, not tested.

n = 64 n = 346 n = 138 n = 88 n = 53
a b b c c
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Figure 4 Percentage flies showing line
(black) and spot (grey) wing patterns in
four regional populations ofRhagoletis
cingulata (USA, East andWest Germany,
Hungary) and in the sample of
R. indifferens. Different letters capping bars
indicate significantly different wing pattern
ratios (Fisher’s exact test: P<0.05). n,
sample size.
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R. cerasi in an independent study (Drosopoulou et al.,
2011) including other loci, the multilocus microsatellite
genotypes combined with mtDNA sequencing provide
powerful tools for studying population structure and
hybridization in the three species.
In the invasive range in Germany,R. cingulata displayed

relatively little structure, which agrees with the rapid range
expansion witnessed since 2004 (Lampe et al., 2005). The
similar frequency distributions of microsatellite alleles,
mtDNA haplotypes and wing patterns in eastern and wes-
tern German populations provide evidence for a single
common introduction of these populations followed by
rapid range expansion that did not lead to a loss of genetic
variation after the initial founding event. In contrast, Hun-
garian and German populations likely have separate ori-
gins. Populations in the two countries differed in
frequencies of microsatellite alleles, mtDNA haplotypes,
and wing patterns. The distributions of these three mark-
ers are corroborated by Wolbachia infection rates, which
are similar in the two German regions, but different
between Germany and Hungary (H Schuler, unpubl.
data). The incongruity between German and Hungarian
populations in four traits indicates that the young
Hungarian population was not founded via stepping stone
dispersal from the older German population. Under such
a scenario, we would also expect the Hungarian popula-
tion to have less genetic variation. In fact, it had slightly
more.
Both genetic markers linked populations in USA and

Hungarymore together than USA andGermany. This sug-
gests that either the Hungarian population has a more
recent ancestry with the American population (Sze€oke,
2006), or, alternatively, has experienced a less strong foun-
der effect. There is, however, a lack of concordance in wing
patterns between USA and Hungary. This might result
from genetic drift in a polymorphic quantitative trait.
Given this lack of trait concordance, we cannot determine
whether the recent introduction of R. cingulata in Hun-
gary is caused by direct colonization fromNorthern Amer-
ica or from a secondary source in Europe.
Our study highlights the problematic use of wing pat-

tern for discriminating between the eastern and western
American cherry fruit fly. In the European populations of
R. cingulata, the spot-line ratio has shifted towards that
observed in R. indifferens, and was not statistically differ-
ent in Hungarian R. cingulata. These results may have
implications for the distinction of R. cingulata and
R. indifferens in the native range where the species’ spot-
line ratios and geographical distributions are correlated.
The species distinction is corroborated by highly differenti-
ated microsatellite loci, but not bymtDNA (Smith & Bush,
1997; this study) and the species are little differentiated at

allozyme loci (Berlocher & Bush, 1982). However, as we
show in this study, founder effects led to frequency shifts
in both genetic and morphological markers in invasive
European populations. Could founder events also explain
the discrepancy in North America between mtDNA, on
the one hand side, and microsatellite and wing patterns,
on the other, as species markers? The common occurrence
of C1 in both species may result either from unfinished
lineage sorting in young species (e.g., Diegisser et al., 2004,
2006) or from range expansion of R. cingulata followed by
introgression into R. indifferens populations in the latter’s
native range. Although our data cannot decide between
the alternatives, monomorphic mtDNA distributions
across species boundaries have been linked to introgressive
hybridization and selective sweeps (Jiggins, 2003; Hurst &
Jiggins, 2005; Gompert et al., 2008). The interpretation of
R. cingulata being misidentified in western USA and Can-
ada (Foote et al., 1993; CABI, 2012) might follow from
R. cingulata expanding naturally in North America, and
will give evidence to the invasive potential of this species.
The late flight period of R. cingulata has led to high lar-

val infestation levels in tart cherry orchards that are mostly
unaffected by the European R. cerasi due to this species’
earlier flight period (Vogt et al., 2010). Potentially as wor-
rying as the presence of R. cingulata alone are signs of
hybridization between R. cingulata and R. cerasi. The
seven potential hybrid R. cingulata and the single hybrid
R. cerasi represented 2 and 3%, respectively, of the studied
European specimens. It is noteworthy that the frequency
of hybrids in this study is based on a random sample, i.e.,
we did not specifically test individuals that were morpho-
logically aberrant. The level of introgression between 0.11
and 0.77 implies that some hybrid individuals are F2 or
backcrosses and thus that hybridization between the two
species results in fertile F1 hybrids. The possibility of falsely
identifying parental individuals as hybrids is unlikely
because each species has a multilocus assignment of 0.99–
1.00. Although the CO1 sequence divergence of 0.11might
argue against reproductive compatibility, similar CO1
divergence has been reported within species (Cognato,
2006), as has a lack of complete mating isolation between
allopatric species in Drosophila with similar high genetic
divergence (Coyne & Orr, 1997) as between R. cingulata
and R. cerasi (Berlocher & Bush, 1982). In particular,
reproductive isolation tends to be delayed between allopat-
ric species, as in R. cingulata and R. cerasi, relative to sym-
patric pairs (Coyne & Orr, 1997). Nevertheless,
hybridization should be confirmed in controlled mating
experiments.
Viable introgressed flies are potentially very worrying

because genetic exchange between the species might lead
to new pest dynamics. Dissemination of hybrid strains is
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well known in bacteria and viruses (e.g., Smith et al., 2009;
Sheppard et al., 2011) and introgression has also been put
forward for specialization in insect populations (Scriber,
2002). The potential of hybridization to facilitate new
dynamics in insects is profoundly witnessed in hybridiza-
tion between the American species R. mendax and
R. zephyria on the introduced plant Lonicera sp. (Schwarz
et al., 2005) where a new hybrid Rhagoletis species has
evolved. For R. cerasi, hybridization with R. cingulata
most certainly will include the exchange of alleles involved
in flight period. Temperature-dependent alleles for flight,
flight-related mating success, and/or eclosion time is com-
monplace in insects and has a genetic basis (Watt, 1977;
Watt et al., 1985; Scriber & Ording, 2005; Feder et al.,
2010). Introgression of ‘late flight alleles’ fromR. cingulata
into R. cerasi could lead to infestation of tart cherry by the
latter species. Until now, the earlier flight season of R. cer-
asi relative to the phenology of suitable tart cherries for
oviposition has largely prevented infestation of tart cher-
ries by this species.
Teixeira et al. (2007) showed that the peak flight period

of R. cingulata in USA in unmanaged orchards (June–
July) was earlier than inmanaged orchards (June–August),
whereas the flight period in natural host populations of
P. serotina extended the season (June–September). This
observation has two implications for hybridization
between R. cingulata and R. cerasi in the European
populations. First, it agrees with where we found most
hybrids, namely in abandoned orchards around Ingelheim
and Heidesheim in western Germany. Second, because the
natural resource P. serotina is a common plant in many
cherry-producing regions of Europe, it may not only act as
a reservoir for R. cingulata (Smit & Dijkstra, 2008; Vogt
et al., 2010; this study) but also has the potential to
generate contact between R. cingulata and R. cerasi;
although in recent fruit collections only infestations by
R. cingulata have been found in P. serotina (H Vogt,
unpubl.; U Holz, pers. comm.; A Trapp, pers. comm.).
The sign of R. cerasi/R. cingulata hybrids warrants an
extensive survey of the common host plant range of these
two species.
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Appendix S3. Inference of the optimal number of
genetic clusters (K = 3) for the combined American and
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