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ABSTRACT We used mitochondrial DNA sequence data and 12 microsatellite loci to examine the
genetic structure of Cotesia melitaearum (Wilkinson) (Hymenoptera: Braconidae), a parasitoid wasp
reared from two common butterßy species, Melitaea cinxia (L.) (Lepidoptera: Nymphalidae) and
Euphydryas aurinia (Rottemburg) (Lepidoptera: Nymphalidae), across many localities in Europe and
Asia, as well as from four more narrowly distributed related European species. The haplotypes of wasps
reared from M. cinxia and E. aurinia show a complex geographic pattern presumably reßecting
long-term history, but the microsatellite data yield two host-associated groups, each including pop-
ulations across Europe and suggesting that currently there is no gene ßow between the parasitoid
populations attacking these two widely distributed host species. The cryptic species attacking E.
aurinia also parasitizes the closely related Euphydryas desfontainii (Godart), but the three remaining
host species have yet another, or possibly several, previously unrecognized parasitoid species. We
support the cryptic species status of two C. melitaearum aggregate forms parasitizing M. cinxia and
Melitaea athalia (Rottemburg) in the Åland Islands in Finland and provide behavioral and ecological
data in addition to the molecular data.
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MOLECULAR STUDIES HAVE REVEALED greater species rich-
ness in Hymenoptera than has been identiÞed by pre-
vious taxonomic studies based on morphological char-
acters (Jager and Menken 1994, Atanassova et al. 1998,
Müller et al. 1999, Babcock and Heraty 2000, de Barro
et al. 2000, Hoy et al. 2000, Alvarez and Hoy 2002, Chen
et al. 2002, Rokas et al. 2003). For example, by using
random ampliÞcation of polymorphic DNA-polymer-
ase chain reaction (PCR), Jager and Menken (1994)
found that the parasitoid wasp Ageniaspis fuscicollis
(Dalman) (Hymenoptera: Encyrtidae) reared from
different host species from one locality in Europe
were different cryptic species. Hoy et al. (2000) used
conserved coding genes (Actin 1 and 2) to show that
the parasitoid Ageniaspis imported into the United
States from Australia and Taiwan were actually two
cryptic species. Using mitochondrial DNA (mtDNA)
and allozyme data, Rokas et al. (2003) demonstrated
that the oak gall wasp, Andricus quercustozae (Bosc)
(Hymenoptera: Cynipidae), that had colonized novel
oak (Quercus spp.) hosts represented genetically and
biologically discrete entities within the species.

Far fewer studies have used microsatellite markers
to study possible closely related species, but micro-

satellite data are useful in conjunction with sequence
data to test for current or recent gene ßow among
populations. For example, Molbo et al. (2003) re-
ported on a complex of previously unrecognized cryp-
tic Þg wasp species, some of which seem to be sister
taxa with long-term coexistence on a shared host spe-
cies, whereas others probably colonized novel host
species. In another study using microsatellites, McCoy
et al. (2001) measured highly signiÞcant FST values
among ticks collected from different sympatric sea-
bird hosts but little differentiation among ticks sam-
pled from the same host species. These results suggest
that host-related selection restricts gene ßow and may
eventually lead to the formation of host races. Finally,
a molecular phylogeny of Cotesia parasitoids parasit-
izing checkerspot butterßies, by using both used
mtDNA sequence data and microsatellite markers,
suggests the presence of several previously unrecog-
nized co-occurring host-associated cryptic species
(Kankare and Shaw 2004, Kankare et al. 2005a).

Knowledge of possible cryptic species is essential
for any ecological and evolutionary study, including
hostÐparasitoid dynamics in multispecies communi-
ties (Althoff and Thompson 1999, van Nouhuys and
Hanski 2002a, Kankare et al. 2005a) and the effect of
local mate competition for the coexistence of species
(Zhang et al. 2004). Knowledge of possible cryptic
species is also critical for evaluating parasitoids for
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release as agents of biological control (Rosen 1986,
Alvarez and Hoy 2003).

The genus Cotesia is a large group of internal gre-
garious parasitoids of lepidopteran larvae, with 1,500Ð
2,000 species worldwide (Mason 1981). There are sev-
eral species of Cotesia associated with checkerspot
butterßies, none of which are known to parasitize any
other host species (van Nouhuys and Hanski 2004).
Checkerspot butterßies are found in Europe, Asia,
North America, and parts of South America, with sev-
eral species often co-occurring in the same habitat
(Murphy et al. 2004). For example, in northern Spain,
which has an exceptionally high diversity of butterßies
(Stefanescu et al. 2005), up to eight species of check-
erspots may co-occur, with each species hosting Co-
tesia parasitoids (Kankare et al. 2005a).

The ecologically best-studied taxon of checkerspot-
associated Cotesia is the notional species Cotesia meli-
taearum (Wilkinson), which has been recorded from
eight different checkerspot species across Europe and
Asia (Eliasson and Shaw 2003, van Nouhuys and Han-
ski 2004, Kankare et al. 2005a). The natural history and
population dynamics ofC.melitaearum agg. have been
intensively studied in the Åland Islands in Finland for
the past 10 yr (for reviews see van Nouhuys and
Hanski 2002a, b, 2004). In Åland, C. melitaearum ag-
gregate seems to have two host species,Melitaea cinxia
(L.) andMelitaea athelia (Rottemburg). In large well-
connected populations ofM. cinxia, the parasitoid may
attain high densities, parasitize a large fraction of host
larvae, and in extreme cases increase the risk of ex-
tinction of local host populations (Lei and Hanski
1997).

Kankare and Shaw (2004) used mtDNA sequence
data and microsatellite markers to construct a molec-
ular phylogeny of checkerspot-associated Cotesia in
Europe, Asia, and North America. These species of
Cotesia seem to have arisen from two independent
colonizations of the checkerspot clade and to consist

of a greater number of genetically distinct taxa than
previously thought based on morphological evidence.
Kankare and Shaw (2004) suggested that C. melitaea-
rum agg. reared from different host species involve
several cryptic species. Our aim here is to present a
detailed analysis of the extensive material that is avail-
able for C. melitaearum agg. from six different host
species. We analyze the pattern of genetic variation in,
and the evolutionary divergence among, populations
sampled over a wide geographic area in Europe and
Asia. ForC.melitaearum agg. parasitizingM. cinxia and
M. athalia in the Åland Islands, we supplement the
molecular results with Þeld observations on the rate of
parasitismand laboratoryexperimentson thebehavior
of parasitoids encountering host larvae.

Materials and Methods

Specimens were obtained by rearing parasitoids
from Þeld-collected host larvae. The samples of C.
melitaearum agg. used in this study, with information
on host species and collection sites, are given in Table
1. Cotesia reared from a single host species in each
country is considered as one sample. Many samples
include individuals from different geographic loca-
tions within a country. The samples also include mul-
tiple individuals from a single host larva, because host
larvae may contain the progeny of several parasitoid
females or the progeny of a multiply mated female
(M.K., personal observations; Table 1). Samples of the
Cotesia reared from all host species/site combinations
have been deposited in the National Museums of Scot-
land as voucher specimens.
Isolation and Sequencing of DNA. DNA was ex-

tracted from the entire body of each wasp individually
using the NucleoSpin Tissue kit (Macherey-Nagel,
Düren, Germany) according to the manufacturerÕs
instructions, except that 50 �l of MilliQ water was used
in the Þnal elution stage. Universal primers HCO1490,

Table 1. Host butterfly species, country of origin, number of sampling sites, sample size (number of females in parentheses), and
parameters of microsatellite diversity

Host Country No. localities n Broods Loci MNA Allele range He Ho HWE

E. aurinia France 1 17 (5) 2 12 3.92 1Ð8 0.37 0.20
E. aurinia Italy ? 6 (5) 2 12 2.25 1Ð3 0.40 0.25 *
E. aurinia Spain 6 54 (28) 15 11 5.27 1Ð14 0.44 0.27 *
E. aurinia Sweden 2 2 (2) 1 11 1.73 1Ð3 0.35 0.32
E. desfontainii Spain 4 38 (25) 12 11 4.45 1Ð14 0.45 0.25 *
E. aurinia davidi Siberia 1 6 (5) 1 12 1.92 1Ð3 0.32 0.41
M. cinxia Finland 32 151 (68) 30 12 4.00 1Ð15 0.31 0.15 *
M. cinxia China 1 2 (2) 1 12 1.08 1Ð2 0.04 0.04
M. cinxia Estonia 3 26 (8) 8 12 2.58 1Ð6 0.32 0.17 *
M. cinxia France 5 121 (70) 13 12 4.33 1Ð16 0.39 0.29 *
M. cinxia Russia 6 29 (16) 8 12 4.33 1Ð11 0.49 0.39
M. cinxia Spain 1 2 (0) 1 11 1.00 1Ð1
M. cinxia Sweden 1 5 (0) 1 12 1.27 1Ð2
M. cinxia England 1 2 (2) 1 10 1.50 1Ð3 0.23 0.20
M. athalia Finland 2 5 (5) 2 11 2.00 1Ð3 0.38 0.30
M. deione France 1 5 (5) 1 10 1.80 1Ð3 0.28 0.24
M. deione Spain 5 55 (44) 28 11 2.18 1Ð3 0.25 0.21
M. parthenoides Spain 1 2 (2) 1 9 1.44 1Ð2 0.30 0.44

Loci, number of loci; MNA, mean number of alleles over all loci; Allele range,He, expected heterozygosity averaged over all loci (Nei 1987);
Ho, observed heterozygosity; HWE, test of the HardyÐWeinberg equilibrium (averaged over all loci; signiÞcant departure shown by an asterisk
[*]).
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LCO2198 (Folmer et al. 1994), C1-J-1859, C1-J-2183,
and TL2-N-3014 (Simon et al. 1994) were used to
amplify both strands of a section of the COI region
(1,500 bp). Sequencing was performed as detailed for
COI in Kankare and Shaw (2004). Sequences were
resolved on an ABI 377 automated DNA sequencer
(PerkinElmer Life and Analytical Sciences, Boston,
MA), analyzed using Applied Biosystems Prism se-
quencing analysis software version 3.3 (PerkinElmer
Life and Analytical Sciences), manually checked with
SEQUENCHER version 3.0 (Gene Codes Corpora-
tion, Ann Arbor, MI), and aligned using the program
ClustalW (Thompson et al. 1994) with the default
alignment parameters. There were no gaps in the
alignment. The sequences of the haplotypes not re-
ported previously in Kankare and Shaw (2004) have
been deposited in GenBank under accession numbers
AY538734ÐAY538737.

Phylogenetic analyzes were performed with the
maximum parsimony (MP) criterion by using PAUP
version 4.0b10 (Swofford 2002). Maximum parsimony
trees were constructed using the TBR branch swap-
ping method, with simple addition of sequence and
equal weight given to transitions and transversions.
Bootstrap conÞdence values (Felsenstein 1985) for
each node in the MP trees were calculated with 100
full heuristic searches, and a 50% majority rule con-
sensus tree was computed for these searches. Micro-
plitis xanthopus(Ruthe) (Hymenoptera: Braconidae),
a parasitoid wasp in another genus of the same sub-
family (Microgastrinae), was included as an outgroup
in the sequence analyzes.
Microsatellites. Twelve microsatellite loci, Cme1,
Cme3, Cme4, Cme15, andCme17, isolated fromC.meli-
taearum (Kankare et al. 2004), and Cco1A, Cco5A,
Cco27, Cco42, Cco65A, Cco65B, and Cco68, isolated
from Cotesia congregata (Say) (Jensen et al. 2002),
were used in this study. Microsatellite PCRs were
performed as explained by Kankare and Shaw (2004).
Diluted and pooled microsatellite PCR products were
resolved in an Applied Biosystems 377 automated
DNA sequencer (PerkinElmer Life and Analytical Sci-
ences). Gels were analyzed and fragments sized using
GENESCAN version 3.1.2 and GENOTYPER version
2.5 programs (PerkinElmer Life and Analytical Sci-
ences), respectively.

The Excel Microsatellite Toolkit (Stephen D.E.
Park; http://acer.gen.tcd.ie/�sdepark/ms-toolkit/)
was used to calculate the Nei (1987) expected het-
erozygosity (He), observed number of heterozygotes
(Ho), mean number of alleles (MNA), and allele
ranges for eachC.melitaearum agg. sample over all loci
(Table 1). Because Hymenoptera are haplodiploid,
only data for females were used to calculate NeiÕs
expected gene diversity and observed heterozygosity.
Mean number of alleles, allele ranges, and distribution
of allele frequencies for each microsatellite locus were
calculated using both females and males, taking into
account that males are haploid. The program FSTAT
2.9.3.1 (Goudet 2001) was used to estimate deviations
from HardyÐWeinberg equilibrium (HWE, assessed
by FIS) and from genotypic linkage equilibrium (L-E)

by using a log-likelihood test (Goudet et al. 1996). We
corrected for multiple tests by using a Bonferroni
correction. Only samples made up of at least Þve
females were included in the analyses of deviations
from HWE and L-E. FSTAT was used to test for het-
erozygote deÞcit among samples (FST;Weir and Cock-
erham 1984) and genetic differentiation between sam-
ples. Isolation by distance was examined by regressing
FST/(1 � FST) against the logarithm of geographic
distance between a pair of samples (Mantel 1967) and
tested using the SpearmanÕs rank correlation coefÞ-
cient (2000 permutations; GENEPOP at http://
wbiomed.curtin.edu.au/ genepop; Raymont and
Rousset 1995). We analyzed differences in the FST/
(1 � FST) values among host species groups by using
analysis of variance (ANOVA). Samples with at least
two females were included in the above-mentioned
analyses.

Two methods were used to investigate the geo-
graphical genetic structure in the samples. First, phy-
logenetic distances were estimated using Cavalli-
Sforza and Edwards (1967) chord distance (DCE),
which has been used in phylogenetic studies of other
closely related species (Takezaki and Nei 1996). Sec-
ond, the model-based clustering method of Pritchard
et al. (2000) was used to infer the number of genet-
ically distinct clusters in the material. This method
estimates the fraction of individual multilocus geno-
types belonging to each cluster. The model accounts
for the presence of HardyÐWeinberg and linkage dis-
equilibrium by introducing population structure and
attempts to Þnd population clustering without such
disequilibria. Samples with at least two and Þve fe-
males were used for the microsatellite distance tree
and clustering analysis, respectively. C. melitaearum
males from M. cinxia from Sweden and Spain were
included in the phylogenetic distance estimates, be-
cause there were no females in these samples.

For the phylogenetic analysis, genetic distance es-
timates based on the microsatellite data and bootstrap-
ping procedures were performed using the program
MsatBoot version 1.2 (Landry et al. 2002). The genetic
distance matrices thus obtained were used to con-
struct Neighbor-Joining (N-J) and consensus trees
with the programs NEIGHBOR and CONSENSE, re-
spectively, implemented in PHYLIP version 3.75c
(Felsenstein 1995). Treeview version 1.6.6 (R.D.M.
Page 2001, http://taxonomy.zoology.gla.ac.uk/rod/
rod.html) was used to draw the trees. C. congregata
was used as an outgroup for the microsatellite distance
tree.

An admixture model with correlated allele frequen-
cies was used for the clustering analysis. Several runs
of various lengths (10,000Ð100,000) were performed
for each number of clusters (K), testing K values from
3 to 22. Finally, to choose the best value of K, two
independent runs (100,000 steps, after a burn-in pe-
riod of 100,000 steps) were done using K values from
18 to 22. An individual was assigned to a cluster if the
fraction of its genotype assigned to that cluster was
�75% and did not exceed 15% for any other cluster.
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Host Specificity ofC.melitaearum agg. Reared from
Co-occurringM. cinxia andM. athalia.The hypothesis
that C. melitaearum agg. parasitizing M. cinxia and M.
athalia in the Åland Islands in Finland in fact consists
of two distinct taxa was tested using Þeld and labora-
tory observations. All M. athalia larvae found during
yearly spring surveys of M. cinxia (Nieminen et al.
2004) were collected and reared (n � 168, averaging
20 larvae in 1997Ð2004). Nine of the 168 larvae were
parasitized by Cotesia. These specimens were ana-
lyzed genetically and morphologically, along with C.
melitaearum reared from M. cinxia.We observed the
oviposition behavior of C. melitaearum agg. reared
from bothM. cinxia andM.athaliaon each host species
in the laboratory and recorded rates of successful
parasitism.

Results

HaplotypeComposition.The alignments of mtDNA
COI sequence involved 1,500 nucleotide sites, of
which 159 (11%) were variable and 27 (1.8%) were

parsimony informative. Maximum parsimony analysis
of the data recovered 188 equally parsimonious trees
from which we computed the 50% majority rule con-
sensus tree (length 211 steps) presented in the Fig. 1.

Analysis of the sequence data yielded 15 distinct
haplotypes from the six host species and the subspe-
cies Euphydryas aurinia davidi (Oberthür) (Fig. 1).
Two distinct haplotypes, HT1 and HT2, were reared
from M. cinxia. The more common haplotype (HT1)
was found in samples from northern Europe, England,
and France as well as from Siberia and China. Hap-
lotype HT2 was present in samples from southwestern
Europe but also from Siberia (17 individuals from Þve
distinct localities). The two haplotypes co-occurred in
three of six host populations in France, but they were
collected from different localities in Siberia, separated
by tens of kilometers (Fig. 2a).
C. melitaearum agg. samples reared from E. aurinia

yielded a total of eight haplotypes, two of which
(HT10 and HT11) also were recorded from the closely
related E. desfontainii (Fig. 1). Additionally, E. des-
fontainii samples included yet another haplotype

Fig. 1. The 50% majority rule consensus tree for C. melitaearum agg. haplotypes derived from the maximum parsimony
analysis based on the part of COI gene (188 trees, length 211 steps). Numbers represent bootstrap support values (100
replicates) and are shown for branches with support �50%. Host species from which the different haplotypes were reared
are shown to the right of the tree. Sample sizes are given in brackets and the two main clades are indicated by thick vertical
lines.
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(HT9), which we have not recorded from E. aurinia.
Seven of these nine haplotypes from E. aurinia and E.
desfontainii were each restricted to samples from a
single country (Fig. 2b), whereas the remaining two
haplotypes were collected from multiple localities in
France and Spain (HT8) and from E. aurinia in Swe-
den, France, and Spain (HT11).

In the haplotype tree constructed using the mtDNA
data, HT2 from M. cinxia and all the haplotypes from
E. aurinia and E. desfontainii clustered together,
whereas the second haplotype from M. cinxia (HT1)
and HT12 from the Asian subspecies E. aurinia davidi
remained outside this cluster (Fig. 1).

All the haplotypes mentioned so far cluster together
to form the Þrst of the two main clades in Fig. 1. The
second main clade includes three more haplotypes,

each reared from three other host species, Melitaea
deione (Geyer) (HT15) and Melitaea parthenoides
(Keferstein) in Spain (HT14) and M. athalia in Fin-
land (HT13). The pairwise nucleotide divergences
between these three haplotypes and all the others are
fairly large, between 1 and 2%. Among the remaining
haplotypes, HT1 and HT12 stand out with a pairwise
divergence of �1% from the others, which had pair-
wise divergences of �0.5% among one another (Table
2).
Microsatellite Diversity and Population Differen-
tiation. Of the 18 species-locality samples in Table 1,
seven included �25 individuals collected from at least
three different local populations. Among these seven
relatively large samples, there is no systematic rela-
tionship between sample size and the average number

Fig. 2. (a) Geographical occurrence of the two haplotypes of C. melitaearum agg. (HT1 and HT2) reared fromM. cinxia
in Europe and Asia. (b) Geographical occurrence of the nine haplotypes reared from E. aurinia andE. desfontainii in Europe.
Sample sizes are given in brackets.
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of alleles or observed heterozygosity. Three samples
stand out as having particularly low genetic diversity.
Among the four large samples reared from M. cinxia,
the two samples from the large islands in the Baltic,
Åland in Finland and Saaremaa in Estonia, have lower
diversity than the two mainland samples from France
and Siberia (Table 1). The third low-diversity sample
is fromM. deione in Spain, which is a surprising result,
because the M. deione sample was collected from 18
different broods (presumed families of wasp siblings)
from Þve localities, separated by up to 45 km.

Six C. melitaearum agg. samples of the 12 that in-
cluded at least Þve females showed a signiÞcant (P�
0.05) departure from the HardyÐWeinberg equilib-
rium caused by heterozygote deÞcit over all micro-
satellite loci (Table 1; correcting for multiple tests).
All except one of these samples (we do not know the
spatial structure of the E. aurinia sample from Italy)
consisted of individuals originating from several local
populations within a region rather than from one pan-
mictic population, which probably explains the de-
parture from the HWE. Among the remaining six sam-
ples with no signiÞcant deviation from the HWE, three
samples came from a single population.

Permutation tests for each pair of loci across sam-
ples revealed 21 signiÞcant (P� 0.05) departures from
linkage equilibrium after correcting for multiple tests.
However, only four of the 12 samples contributed to
the departure (C. melitaearum agg. from E. desfontai-
nii, M. deione from Spain, and M. cinxia from Finland
and France), and in 17 locus pair combinations the
departure was due to only one sample (M. cinxia from
France). These results suggest that the departure from
the linkage equilibrium is not due to physical linkage
of the loci but rather to an admixture in these partic-
ular samples.

Substantial to very high genetic differentiation was
detected between samples collected from different
host species, with FST estimates ranging from 0.16 to
0.92. The neighbor-joining tree based on chord dis-
tance (DCE) indicates a clear genetic structure with
three main groups (Fig. 3). Group 1 includes all sam-
ples reared from E. aurinia and E. desfontainii, group

2 samples fromM. cinxia, and group 3 includes samples
reared fromM. parthenoides, M. deione, andM. athalia.
C. melitaearum agg. from the Asian subspecies E. au-
rinia davidi remained outside these main groups. It is
noteworthy that while in the haplotype tree (Fig. 1)
HT2 fromM. cinxia is located in the major clade with
all the E. aurinia and E. desfontainii haplotypes, in the
tree based on microsatellites the samples reared from
M. cinxia comprise one group regardless of the hap-
lotype (Fig. 3). One microsatellite locus,Cme1, shows
a particularly revealing pattern, because there is
hardly any overlap in the alleles among samples reared
fromM. cinxia andE. aurinia/E. desfontainii (Table 3).
The similarity of Cotesia reared from E. aurinia and E.
desfontainii is underscored by the very similar allele
frequencies of samples from these two species in
Spain, compared with E. aurinia collected from a
wider geographic range (Table 3).

We detected no isolation by distance within the
Cotesia groups identiÞed in Fig. 3 (Fig. 4). Genetic
differentiation as measured with pairwise FST/(1 �
FST) values was signiÞcantly greater in between-group
comparisons than in comparisons within group 1 (as-
sociated with E. aurinia and E. desfontainii, P� 0.001)
and group 2 (associated with M. cinxia, P � 0.001;
Bonferroni-corrected multiple comparisons).
Clustering of Multilocus Genotypes.Multilocus ge-

notypes in the pooled data set were clustered into
groups that largely agree with host species and local-
ity; 17 of the 21 clusters consisted of a single Cotesia
sample. The remaining four clusters each contained
two samples, two of which included the species pairE.
aurinia and E. desfontainii from Spain (Table 3). One
might expect that these two clusters (5 and 7 in Table
4) correspond to populations of the two host species
sampled at the same localities, but in fact the individuals
originated from several populations. Regardless, this re-
sult suggests the close similarity of C. melitaearum agg.
fromthesetwohostspecies,whichisalsoapparent inFig.
3.ThetwoothermixedclusterswereC.melitaearumagg.
reared fromM. deione in France and Spain, and C. meli-
taearum reared from M. cinxia in Finland and France.
This latter cluster is the only really unexpected one, but

Table 2. Pairwise nucleotide divergence (%) between different C. melitaearum agg. haplotypes

Haplotype 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 xx
2 1.07 xx
3 1.07 0.27 xx
4 1.00 0.20 0.20 xx
5 1.00 0.28 0.28 0.21 xx
6 1.34 0.20 0.41 0.30 0.44 xx
7 1.10 0.06 0.26 0.20 0.28 0.20 xx
8 1.02 0.07 0.21 0.14 0.21 0.21 0.07 xx
9 1.00 0.13 0.20 0.13 0.21 0.20 0.13 0.13 xx

10 0.93 0.13 0.13 0.07 0.14 0.20 0.13 0.07 0.07 xx
11 1.00 0.20 0.07 0.13 0.21 0.30 0.20 0.14 0.13 0.07 xx
12 1.27 1.00 1.00 0.94 0.86 1.17 1.00 0.95 0.94 0.87 0.94 xx
13 1.67 1.54 1.40 1.47 1.31 1.84 1.50 1.50 1.47 1.40 1.33 1.74 xx
14 1.82 1.55 1.41 1.48 1.37 2.08 1.50 1.50 1.48 1.41 1.35 1.82 0.81 xx
15 1.87 1.74 1.61 1.67 1.53 1.67 1.80 1.71 1.64 1.61 1.54 1.94 1.00 0.95 xx

Values � 1.00 are shown in bold.
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it should be noted that of the 10 clusters into which the
parasitoids reared fromM. cinxia in Finland and France
fell, only one was mixed and only a few individuals were
assigned to this cluster.

The assignment success was high (�80%) in seven
of the 12 Cotesia samples (Table 4). For example, all
parasitoid individuals from the host speciesM. deione
(Spain) were assigned to a single cluster. However,

Fig. 3. Neighbor-joining tree based on 12 microsatellite loci and the chord distance (DCE) of Cavalli-Sforza and Edwards.
Numbers represent bootstrap support values (100 replicates) and are shown for branches for which the value was �50%.
Sample sizes are given in brackets, and thick vertical lines indicate the three main groups. Branch lengths are linearly related
to the DCE values.

Table 3. Allele frequencies (%) in the Cme1 locus for the pooled material for M. cinxia, and for E. aurinia and E. desfontainii from
the localities indicated in table

Alleles M. cinxia E. aurinia E. aurinia E. aurinia E. aurinia E. desfontainii

Pooled France Italy Sweden Spain Spain
n 335 17 6 2 54 38
82 0.20
83 96.04 3.70
84 3.37
85 0.20
88 67.69 5.97
89 18.18 1.54 46.27
90 4.62 13.43
91 18.46 5.97
92 1.54 19.40
93 11.11 27.27 1.54
94 7.41
95 3.70
98 14.81
99 22.22 54.55 25.00

100 33.33
101 3.70 4.62 8.96
103 75.00

Alleles are given in repeat numbers. n, sample size.
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�90% of Cotesia from E. desfontainii from Spain, and
89% ofM. cinxia from France, were assigned to several
clusters. In particular, the pattern among parasitoids
reared from M. cinxia was more complex than the
pattern for parasitoids reared from the other host
species. The former were placed in a total of 12 clus-
ters, of which seven occurred in France only. It is
noteworthy that all the samples with individuals as-
signed to several clusters showed a signiÞcant depar-
ture from HWE (Table 4, samples marked with a; also
see Table 1), supporting the interpretation that these
samples did not come from single panmictic popula-
tions.
Cotesia melitaearum Aggregate Host Specificity in

Åland Islands. C. melitaearum agg. reared from M.
cinxia andM. athalia in the Åland Islands have clearly

distinct haplotypes (1.7% difference, Table 2; also see
Fig. 1). In the microsatellite data, there are Þve loci
with different Þxed alleles in the two species as well
as some species-speciÞc alleles at two other loci (Ta-
ble 5). The molecular data therefore conclusively
demonstrate that two distinct genetic forms are in-
volved.
C.melitaearum agg. emerged from nine of the 168M.

athalia larvae collected from M. cinxia populations.
Two broods of cocoons yielded only hyperparasitoids,
the remaining broods produced adultCotesia. In six of
seven trials, these wasps successfully parasitized post-
diapauseM. athalia larvae in the laboratory. However,
for the most part they showed little or no interest in
parasitizingM. cinxia larvae of any instar. Of the sixM.
cinxia larvae that seemed to have been parasitized in

Fig. 4. Value of FST/(1 � FST) plotted against the logarithm of the geographical distance for pairs of samples. Four kinds
of comparisons are indicated by different symbols explained in the legend (two points from across-groups comparisons shown
by � had smaller or larger values than indicated and were displaced along the axes to improve clarity). None of the
relationships within groups was signiÞcant (Mantel tests, group 1: rS� 0.005, P� 0.52; group 2: rS� 0.310, P� 0.24; and group
3: rS� 0.132, P� 0.71). Geographical and genetic distances between C. melitaearum agg. reared fromM. cinxia from France
were calculated separately for several collecting localities.

Table 4. Percentage of C. melitaearum agg. reared from different host species and belonging to the 21 clusters inferred by the
multilocus clustering method

Host Country
No.

localities
n Broods

Clusters Total
%1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

E. aurinia France 1 5 2 80 80
E. auriniaa Italy 1 5 2 80 80
E. auriniaa Spain 6 28 15 4 11 50 65
E. desfontainiia Spain 4 25 12 24 56 12 92
E. adavidi Siberia 1 5 1 100 100
M. cinxiaa Finland 20 68 30 24 6 13 13 59
M. cinxiaa Estonia 1 8 8 43 43
M. cinxiaa France 4 70 13 9 16 17 9 19 16 3 89
M. cinxia Russia 4 16 8 50 50
M. athalia Finland 2 5 2 100 100
M. deione France 1 5 1 40 40
M. deione Spain 5 44 28 100 100

No. localities, number of sampling localities; n, number of individuals in the analyzes; Broods, number of host larvae from which the Cotesia
individuals were collected; Total %, percentage of Cotesia individuals assigned to one or more clusters.
a SigniÞcant departure from HardyÐWeinberg equilibrium; see Table 1.
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the laboratory, Þve died and one pupated successfully
to an adult butterßy. Similarly, C. melitaearum agg.
reared fromM. cinxia seems to be equally restricted to
its own host and unsuited to using the alternative host,
M. athalia. Forty-Þve of the 53 C. melitaearum agg.
reared fromM. cinxia and offeredM. athalia larvae did
not even attempt to oviposit. A few touchedM. athalia
larvae with their antennae, without proceeding to
oviposit, but all showed interest in frass and partially
eaten host plant leaves (typical behavior when ex-
posed toM. cinxia larvae). Two wasps brießy inserted
their ovipositors intoM. athalia larvae, but no progeny
emerged (the host larvae pupated). The remaining six
wasps were persuaded to attempt to parasitize M.
athalia by Þrst being stimulated to oviposit with anM.
cinxia larva that was quickly removed and replaced by
an M. athalia larva. Although oviposition seemed to
take place, once again the hosts pupated successfully
and no parasitoids emerged. In summary, not a single
trial using the alternate host produced viable wasp
progeny.

Discussion

In this study, we use combined sequence data, mi-
crosatellite data, and Þeld and laboratory observations
on parasitism at multiple spatial scales to show that
what was once thought to be a single parasitoid species
is actually a complex of cryptic species. Furthermore,
genetic differentiation within this group of parasitoids
is associated with host species rather than with spatial

isolation, although geography naturally affects genetic
structure within each cryptic species. Below, we dis-
cuss the host-associated cryptic species that we think
exist and then contrast the genetic population struc-
tures among some of them through Europe and Asia.
Cryptic Species in the Åland Islands. In the Åland

Islands in Finland, C. melitaearum agg. has two host
species, M. cinxia and M. athalia. There are �4,000
habitat patches suitable for M. cinxia, of which 400Ð
500 are occupied in any one year (Hanski 1999,
Nieminen et al. 2004). C. melitaearum agg. in turn
occupies 10Ð20% of the extant M. cinxia populations
(van Nouhuys and Hanski 1999). M. athalia is a more
abundant butterßy than M. cinxia in Åland, but it has
a different primary habitat, forest edges and sparsely
wooded meadows. Much less is known about the dis-
tribution and dynamics ofM. athalia than ofM. cinxia,
and the relationship between M. athalia and C. meli-
taearum agg. is poorly known. The parasitoid has been
reared from only three populations of M. athalia, in
connection with the research on M. cinxia. We have
not attempted to sample M. athalia larvae in its main
habitats in the Åland islands because the larvae are
cryptic and hence difÞcult to Þnd.

The molecular results demonstrate conclusively
that the two host butterßies in Åland are attacked by
two different parasitoid species, though morphologi-
cal characters to separate them have not been found
(M. R. Shaw, personal communication). First, the re-
spective parasitoids have distinct haplotypes of the
mtDNA sequence, with a large nucleotide divergence

Table 5. Allele frequence data for C. melitaearum agg. samples from M. cinxia and M. athalia (sample size in parentheses) in the Åland
Islands

Locus Allelesa M. cinxia (151) M. athalia (5) Locus Allelesa M. cinxia (151) M. athalia (5)

Cco1A 35 1.12 Cme1 83 91.63
42 88.27 100.00 84 57.44
43 3.35 85 0.47
45 7.26 93 33.33

Cco5A 33 100.00 100.00 95 66.67
Cco65B 44 97.31 Cme15 46 1.44

45 2.69 47 7.66
46 20.00 48 5.26
47 40.00 49 21.05
48 40.00 50 16.75 37.50

Cco68 51 0.88 40.00 51 9.57
52 99.12 60.00 52 4.31 25.00

Cco27 40 10.00 53 4.31
41 78.16 50.00 54 4.78
42 6.31 55 7.18
43 15.53 56 1.44
45 40.00 57 0.48 37.50

Cco42 35 60.00 59 7.66
36 0.92 10.00 60 0.96
37 8.29 30.00 61 7.18
38 46.08 Cme17 65 100.00
39 16.59 66 100.00
40 27.65 Cme4 128 80.00
41 0.46 129 20.00

Cco65A 44 0.47 132 28.71
46 100.00 133 37.80
48 26.64 134 9.09
50 26.54 136 22.49
51 48.34 137 1.91

a Alleles are given in repeat numbers. Loci with diagnostic host-speciÞc alleles are shown in bold.
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of 1.7% (Fig. 1). Second, the two species show no
overlap at all in the allele frequencies of Þve micro-
satellite loci (Table 4). Third, our laboratory and Þeld
studies indicate that parasitoids reared from one host
species do not recognize the other species as suitable
hosts. A previous experiment by Wahlberg et al.
(2001) found that C. melitaearum agg. reared fromM.
cinxia from Siberia did not parasitize M. athalia from
Åland. And fourth, one more indication that C. meli-
taearum agg. parasitizing M. cinxia and M. athalia in-
cludes two distinct species is the spatial distribution
and dynamics of the well-studied Cotesia attackingM.
cinxia. This wasp has a limited spatial distribution in
Åland, being present only in areas where the density
of local M. cinxia populations is high (van Nouhuys
and Hanski 2002b). IfM. athaliawere a regular host of
the wasp using M. cinxia, it would be difÞcult to un-
derstand the spatially restricted occurrence of theM.
cinxia-associated wasp, given that M. athalia occurs
widely in the Åland Islands.

Although there is little doubt that the two host
species are attacked by distinct parasitoid species, the
biology of the M. athelia-associated taxon remains a
challenge for further research. All existing records of
Cotesia fromM. athalia in Europe indicate a very low
level of parasitism, suggestive of the respectiveCotesia
using some other host(s) and only occasionally at-
tacking M. athalia (Eliasson and Shaw 2003, Kankare
et al. 2005a). But such a biology would be surprising
in view of this group of Cotesia being otherwise en-
tirely restricted to checkerspots (Kankare and Shaw
2004).
Cryptic C. melitaearum Species Parasitizing Other
Host Species. The microsatellite data provide ample
evidence of signiÞcant gene ßow between C. meli-
taearum agg. using E. aurinia and E. desfontainii in
Spain (group 1 in Fig. 3). The conclusion that this
parasitoid is a single species is further reinforced by
the observation (Kankare et al. 2005a) that C. meli-
taearum agg. reared from E. aurinia successfully par-
asitizes E. desfontainii under laboratory conditions,
whereasC.melitaearum agg. reared from other check-
erspot species are unwilling to attack either Euphy-
dryas species. Because all our samples from E. desfon-
tainii were from northern Spain we do not know
whetherE. aurinia andE. desfontainii are shared hosts
only locally or throughout their ranges.

The relationship between wasps reared from E. au-
rinia/E. desfontainii and those reared fromM. cinxia is
more ambiguous. Parasitoid samples across Europe
group according to host species, not according to lo-
cality (Table 4, clustering analysis; Fig. 3, microsatel-
lite distance tree). These Þndings suggest that though
there is not much difference in the sequence data
between C. melitaearum agg. from E. aurinia/E. des-
fontainii and fromM. cinxia, there is nonetheless no or
only very limited current gene ßow between them.

Group 3 (Fig. 3), which includes not onlyM. athalia
from Åland in Finland but also M. parthenoides from
Spain andM.deione from Spain and France, shows that
there are yet more subtle observations to consider.
Although wasps from the three host species group

together in both mtDNA (Fig. 1) and microsatellite
data (Fig. 3) and are morphologically similar (M. R.
Shaw, personal communication), there is in fact evi-
dence supporting the view that they are each inde-
pendent taxa. First, Kankare et al. (2005a) reared
many (n � 273) M. athalia celadussa along with four
other co-occurring checkerspot butterßies from one
area in Spain. All the latter species were parasitized by
Cotesia, yet no Cotesia were reared from M. athalia
celadussa, which suggests that M. athalia celadussa is
not a host for any of them, including C. melitaearum
agg. reared fromM. deione. Second, the microsatellite
data for the wasps reared fromM. deionewere excep-
tionally homogeneous (Table 1), with every individ-
ual reared fromM. deione in Spain being classiÞed into
the same group (9 in Table 3). This pattern was
present even though wasps were collected from 18
different broods from Þve different local populations
separated by up to 45 km. Given these results, it seems
likely that C. melitaearum agg. reared from M. deione
in Spain is a distinct species, which also is supported
by the results of Kankare et al. (2005a) referred to
below. Further research is needed to clarify the rela-
tionships among C. melitaearum agg. parasitizing M.
athalia and M. parthenoides.
Geographical Population Structures. Considering
C. melitaearum agg. reared from different host species
as different taxa, we can compare their genetic pop-
ulation structures to infer more about their history.
Wasps reared from the two widely distributed and
common host species,M. cinxia and E. aurinia, show a
contrasting pattern of haplotype diversity, with only
two distinct haplotypes fromM. cinxia but a cluster of
eight rather similar haplotypes from E. aurinia (plus
one more from the closely related E. desfontainii; Fig.
1). The additional complication here is that one of the
M. cinxia-associated haplotypes is similar to the E.
aurinia-associated haplotypes.

Postglacial history may explain the geographical dis-
tribution of the two haplotypes reared fromM. cinxia
(Fig. 2a). Both haplotypes occur in Asia, but only one
of them (HT1) has been found in northern Europe.
The host butterßy M. cinxia in Finland and Estonia
represents an eastern clade and most likely migrated
from a glacial refugium in the east (probably in Asia)
after the last glacial maximum (Saccheri et al. 2004).
It is possible that the specialist wasp spread to north-
ern Europe from the same refugium. However, M.
cinxia butterßy populations in Sweden, which have C.
melitaearum agg. haplotype HT1 like the Finnish pop-
ulations, are in fact very different from M. cinxia in
Finland and belong to a central European clade (Sac-
cheri et al. 2004). However, some C. melitaearum agg.
individuals from Åland and from France were grouped
into the same microsatellite cluster (Table 3), sug-
gesting recent shared ancestry. The apparently dis-
similar range expansions between the host and its
parasitoids is interesting (Hochberg and Ives 1999)
and worthy of further study. How the M. cinxia-asso-
ciatedC.melitaearum agg. acquired the haplotype that
is similar to the haplotypes from E. aurinia/E. desfon-
tainii remains an interesting open question. One pos-
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sibility is a host switch from E. aurinia to M. cinxia in
the past, followed by gene ßow among the two M.
cinxia-associated haplotypes.

At smaller geographic scales, among samples from a
single host species, there are various patterns of spatial
genetic structure. Some of the Cotesia samples con-
sisted of individuals that fell into two or more clusters
in the clustering analysis (Table 3). This would be an
unexpected result if the samples came from single
panmictic populations, but in fact several samples
were collected from more than one local host popu-
lation.C.melitaearum agg. is a poor disperser, typically
moving distances �1 km per generation (van Nouhuys
and Hanski 2002b); hence, signiÞcant genetic struc-
ture may occur within very small areas. The largest
sample from the Åland Islands in Finland includes
wasps collected from many local host populations
within an area of 30 by 40 km and falling into several
multilocus clusters (these data has been analyzed sep-
arately; Kankare et al. 2005b). A contrasting pattern is
exhibited by C. melitaearum agg. reared from a large
sample ofM. deione collected from Þve distinct local-
ities separated by up to 45 km in Spain and containing
surprisingly little genetic diversity. The average num-
ber of alleles in the microsatellite loci was roughly
twice as large in comparable samples from E. aurinia,
E. desfontainii, and M. cinxia than from M. deione
(Table 1). Perhaps this wasp is actually more disper-
sive thanC.melitaearum agg. studied in Finland, or the
host population structure possibly is more continuous,
facilitating dispersal by the parasitoid.

In conclusion, genetic differentiation among C.
melitaearum agg. samples reared from different host
species across Europe and Asia presents a complex
pattern that is deÞnitely not consistent with the hy-
pothesis of a single parasitoid species. The overall
pattern, supported by the results of Kankare et al.
(2005a) for a checkerspot community in Spain and by
the broader phylogeny of checkerspot-associated Co-
tesia (Kankare and Shaw 2004), implies a far higher
level of host speciÞcity than previously thought. Kan-
kare et al. (2005a) distinguished Þve cryptic species of
C.melitaearum agg. in northern Spain, associated with
E. aurinia/E. desfontainii, M. cinxia, M. deione, M.
didyma, and M. trivia. Our results generalize these
Þndings beyond the Spanish study area for E. aurinia,
M. cinxia, and M. deione, and we can now add to the
above list yet another form associated withM. athalia.
It is apparent that there is no or only limited gene ßow
among C. melitaearum agg. using E. aurinia and M.
cinxia throughout Europe and Asia.

The present results indicate that the radiation of
checkerspot-associated Cotesiamay have been driven
by host phylogeny. E. aurinia and E. desfontainii, the
twohost species thatmostclearly sharea singleCotesia
species, are very closely related butterßies (Wahlberg
and Zimmermann 2000).M. athalia, M. deione, andM.
parthenoides, the hosts ofC.melitaearum agg. in group
3 (Fig. 3), are all rather closely related, although not
as closely related as E. aurinia and E. desfontainii.
Whether host evolution has in turn been affected by
the parasitoids remains an open question. Wahlberg et

al. (2004) concluded that the radiation of checkerspot
butterßies themselves has been affected by host plant
taxonomy but that there is no evidence for the recip-
rocal inßuence (the host plant taxa are very much
older than the butterßies).

Coevolutionary dynamics among checkerspots and
their Cotesia parasitoids would not be an entirely sur-
prising Þnding given the strong reciprocal ecological
dynamics that can occur in this hostÐparasitoid system
(van Nouhuys and Hanski 2004).
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Stone. 2003. Out of Anatolia: longitudinal gradients in
genetic diversity support an eastern origin for a circum-
Mediterranean oak gallwasp Andricus quercustozae.Mol.
Ecol. 12: 2153Ð2174.

Rosen,D. 1986. The role of taxonomy in effective biological
control programs. Agric. Ecosyst. Environ. 15: 121Ð129.

Saccheri, I., C. Boggs, I. Hanski, and P. Ehrlich. 2004. Ge-
netics of checkerspot populations, pp. 199Ð218. In P. R.
Ehrlich and I. Hanski [eds.], On the wings of checker-
spots: a model system for population biology. Oxford
University Press, Oxford, United Kingdom.

Simon, C., F. Frati, A. Beckenbach, B. Crespi, H. Liu, and P.
Flook. 1994. Evolution, weighting, and phylogenetic
utility of mitochondrial gene sequences and a compila-
tion of conserved polymerase chain reaction primers.
Ann. Entomol. Soc. Am. 87: 651Ð701.

Stefanescu, C., S. Herrando, and F. Páramo. 2005. Butterßy
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