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Abstract

Codling moth Cydia pomonella L. (Lepidoptera: Tortricidae) is the most important
insect pest of apple production in Europe. Despite the economic importance of this
pest, there is not information about the genetic structure of its population in Greece
and the patterns of gene-flow which might affect the success of control programs. In
this study, we analysed nine samples from apple, pear and walnut from various
regions of mainland Greece using 11 microsatellite loci. Six samples from the
aforementioned hosts from southern France were also examined for comparison.
Bayesian clustering and genetic distance analyses separated the codling moth
samples in two genetic clusters. The first cluster consisted mainly of the individuals
from Greece, and the second of those from France, although admixture and miss-
classified individuals were also observed. The low genetic differentiation among
samples within each country was also revealed by Fgr statistics (0.009 among Greek
samples and 0.0150 among French samples compared to 0.050 global value among all
samples and 0.032 the mean of the pair-wise values between the two countries).
These Fsr values suggest little structuring at large geographical scales in agreement
with previous published studies. The host species and local factors (climatic
conditions, topography, pest control programs) did not affect the genetic structure of
codling moth populations within each country. The results are discussed in relation
to human-made activities that promote gene-flow even at large geographic distances.
Possible factors for the genetic differentiation between the two genetic clusters are
also discussed.

Keywords: codling moth, population structure, gene-flow, apple, Torticidae,
Lepidoptera

(Accepted 2 September 2011; First published online 28 October 2011)

*Author for correspondence
Fax: 00302410565290
E-mail: johnmargaritopoulos@gmail.com

https://doi.org/10.1017/50007485311000563 Published online by Cambridge University Press


https://doi.org/10.1017/S0007485311000563

186 C.Ch. Voudouris et al.

Introduction

Codling moth Cydia pomonella (L.) (Lepidoptera:
Tortricidae) is a major insect pest of deciduous fruits in
temperate areas worldwide. It infests the fruits of several
cultivated tree species, mainly apple Malus domestica Borkh
(Rosaceae), pear Pyrus spp. (Rosaceae), quince Cydonia oblonga
Mill (Rosaceae) and walnut Juglans spp. (Juglandaceae)
(Shel’'Deshova, 1967; Barnes, 1991). The phenology of the
species is quite variable with one to five generations per year.
Temperature and photoperiod seem to be the major driving
forces of this variation (Riedl & Croft, 1978), but pleiotropic
effects of costly insecticide resistance mechanisms (Boivin
et al., 2004) and adaptation to host-plants (Phillips & Barnes,
1975) are also involved. Codling moth has two traits which
are interesting from both a theoretical and a practical point of
view. First, it has developed resistance to various classes of
chemical insecticides in several parts of the world (e.g. Europe:
Sauphanor et al., 1998; USA: Knight et al., 1994, South America:
Fuentes-Contreras et al., 2007). This has been attributed to
the intensive chemical control against the pest. In some
cases, insecticide treatments are the main force affecting
the genetic structure and regulating the dynamics of codling
moth populations (Franck ef al., 2007). Second, the insect has
achieved an almost globally distribution, presumably due to
its potential to adapt in different environments. Reasons for
this success have been reported by Thaler et al. (2008). Briefly,
these are the re-emergence of two refugial haplotype clades
with a long history of independent evolution leading to
a diverse genetic heritage, the plasticity of the species to
survive and reproduce under different climatic conditions
and host-trees, the development of insecticide resistance and,
lastly, the human activities which facilitate dispersal and
intermixing of different genotypes and spread of resistance to
insecticides.

These characteristics make codling moth a good model
for studying ecological questions related to migration and
gene flow among neighbouring or geographical distant popu-
lations. To shed light on dispersal process, several studies have
analysed the structure of codling moth populations using
either allozyme (Bués & Toubon, 1992; Bués et al., 1995) or
more recently AFLP (Timm et al., 2006; Thaler et al., 2008) and
microsatellite markers (Franck et al., 2007; Fuentes-Contreras
et al., 2008; Chen & Dorn, 2010). Studies on temporal and
spatial variation at molecular level could provide information
for the pest fitness and success (Armstorng & Wratten, 1996),
and they aid also the development of Integrated Pest
Management strategies (Denholm & Rowland, 1992).

Theoretical aspects of spatial and temporal genetic patterns
in relation to gene flow have been reviewed by Baur & Schmid
(1996) and Roderick (1996). The strength of gene-flow among
insect populations may be affected by the dispersal ability
(distance and tendency for migration/dispersal) and limited
gene flow is often observed in populations of relatively
sedentary species. However, other biological traits, such as
population increase and host-plant specialisation, and eco-
logical factors related to habitat (landscape characteristics,
geographical barriers, elevation, climatic constraints and host-
plant isolation) can also often modulate gene-flow (Peterson &
Denno, 1998a,b; Bohonak, 1999; Loxdale & Lushai, 2001).
Knowledge about dispersal in insects and gene flow among
their populations has been obtained mainly from two classes
of methods. Directs methods, such as mark-release-recapture
(MRR), can provide information on the contemporary pattern
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of migration, but they have some practical difficulties and
limitations (e.g. dilution at large spatial distances). Also, they
cannot estimate the contribution of emigrants to the local
populations, as migration is not always translated into
successful colonisation. Indirect methods use various genetic
markers, and the required data (allele and genotype frequen-
cies) for the estimation of gene-flow and migration rates are
relatively easy to gather. These methods can provide long-
term indirect estimates of gene flow, averaged over numerous
generations and integrated geographically over many popu-
lations; but patterns of contemporary movements of indivi-
duals or propagules can be also addressed. Such information
can assist in understanding the dynamics of pest expansion
(Roderick, 1996; Peterson & Denno, 1998a,b; Bohonak, 1999;
Loxdale & Lushai, 2001; Manel et al., 2005).

Cydia pomonella is traditionally considered as a sedentary
species, and MRR experiments with males have shown
that the majority disperse within 60-80m, although a small
proportion of males is able to fly up to several kilometres
(Mani & Wildbolz, 1977; Keil et al,, 2001). Laboratory
experiments confirmed the results of MRR and showed also
similar flight capacity for males and females (Schumacher
et al., 1997). This variation in dispersal is considered adaptive,
as it provides opportunities for survival in cases of habitat
deterioration (Schumacher et al., 1997; Keil et al., 2001) and,
along with transportation of infested material (fruits, harvest
bins) (Hibgee ef al., 2001), might have important implications
on gene flow between distant populations. Studies with
allozyme (Bues et al., 1995) and DNA (Timm et al., 2006;
Franck et al., 2007; Fuentes-Contreras et al., 2008; Thaler et al.,
2008; Chen & Dorn, 2010) markers on populations from
various regions of the world have revealed variable results.
Despite some evidence of genetic differentiation among
geographically close populations with different kinds of
markers, the general pattern is that genetic differentiation
among distant population remains globally low (reviewed by
Franck & Timm, 2010).

In contrast to codling moth from western and Central
Europe, there is no study on the genetic structure of
populations from Greece. Codling moth in Greece is a major
pest in apple orchards, and its control is based almost
exclusively on chemical insecticides. Apple cultivation is
distributed throughout mainland Greece at locations with
different climatic conditions and landscape characteristics;
and often apple and other fruits, hosts of codling moth, are
cultivated in the same areas. These diversified habitats of
codling moth may provide opportunities for population
subdivisions and locally adapted populations. In addition,
there is no information about the genetic similarity of codling
moth populations from Greece with those from other
European countries, such as France, where diversified habitats
also exist and similar chemical control programs are applied.
Comparative studies among populations from different
countries can aid in the assessment of gene-flow over large
spatial scales and shed light on the possible role of human
activities, such as commerce, in pest dispersal.

Therefore, we used 11 microsatellites, which are highly
polymoprhic codominant markers suitable for population
genetic analysis (Behura, 2006), to assess the genetic structure
of codling moth populations from different hosts and locations
in Greece and southern France. An additional aim was to infer
about potential gene flow over various geographical scales
and adaptation to different hosts or environmental conditions.
Such data might also be useful for the improvement of codling
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Table 1. Insect material. Orchard location and number of codling moth larvae (IN) collected.

Code Host Collection year Region* Longitude Latitude N
AlexA Apple 2007 Alexandria, NGR 22°28' 64.2" 40°34' 64.8" 24
AgAa Apple 2007 Agia, CGR 22°39' 54.4" 39°40' 71.9" 54
AgAb Apple 2007 Agia, CGR 22°39' 38.2" 39°40" 77.0" 44
PiA Apple 2007 Zagora, CGR 23°3' 57.4" 39°27'10.7" 19
TrA Apple 2007 Tripoli, SGR 22°22'74.5" 37°31' 81.4" 19
PiW Walnut 2007 Drakia, CGR 23°2' 51.4" 39°22' 87.4" 29
AgW Walnut 2007 Agia, CGR 22°4010.2" 39°42' 11.8" 25
PiP Pear 2007 Lechonia, CGR 23°3' 32.8" 39°19' 04.7" 21
ArgP Pear 2007 Argos, SGR 22°37' 31.1" 37°36" 12.1" 23
ValA Apple 2005 Valence, SFR 4°55' 42.5" 44°58' 42.7" 36
AviA Apple 2006 Avignon, SFR 4°53' 36.3" 43°50" 48.2" 20
MarW Walnut 2003 St-Marcelin, SFR 5°16' 26.2" 45°08' 06.8" 29
ValW Walnut 2005 Valence, SFR 4°56' 03.2" 44°58' 33.4" 20
ValP Pear 2003 Valence, SFR 4°55' 54.8" 44°58' 32.4" 25
AviP Pear 2006 Avignon, SFR 4°55'12.8" 43°49' 32.4" 25

* NGR, north Greece; CGR, central Greece; SGR, south Greece; SFR, south France.

moth control programs, as they are often affected by the
dispersal of the pest genotypes among orchards and regions.

Material and methods
Insect material

Fifteen samples of full grown diapausing codling moth
larvae were collected from apple, walnut and pear orchards
from various localities in Greece, with different altitudes
(7-1122m), covering a south-north cline. In addition,
samples from the above hosts were collected in localities
of southern France (altitude range 20-36m). Larvae were
collected using corrugated cardboard traps, and microsatellite
genotyping analysis was performed on the emerging adults
(table 1, fig. 1).

Microsatellite genotyping analysis

Total DNA was extracted from one leg of each moth using
200pl of 10% Chelex 100 (Biorad, San Francisco, CA, USA)
resin solution (Walsh et al., 1991). Eleven microsatellite loci
(Cp3.180, Cp3.169, Cp2.129, Cpl.62, Cp5.24, Cp5.M, Cp4.S,
Cp6.46, Cp2.131, Cp4.129, Cp6.32) (Franck et al., 2005, 2011)
were examined in a total of 413 moths. Details on micro-
satellite loci amplification, analysis and visualization are
presented in previous papers (Franck et al., 2007, 2011).

Basic statistics, Hardy-Weinberg equilibrium and linkage
disequilibrium

We examined the data for presence of null alleles using
Microchecker version 2.2.3 (van Oosterhout et al., 2004).
In addition, we used the method of Brookfield (1996) as
implemented in GENEPOP version 4.0 (Rousset, 2008) to
calculate the frequency of null alleles (A,). Due to the low
frequencies of null alleles found (see results), data from all
11 loci were used in the subsequent analyses.

Allele frequencies, number of alleles per locus, observed
(Ho) and expected (Hg) heterozygosity, as well as inbreeding
coefficient (Fis), were calculated using GENEPOP version 4.0.
Allelic richness (Rs, number of alleles independent of sample
size) was calculated using FSTAT version 2.9.3.2 (Goudet,
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1995). Deviation from Hardy-Weinberg equilibrium (HWE) at
each locus and across all loci (U test and multisample score
test, respectively; Raymond & Rousset, 1995) and linkage
disequilibrium between pairs of microsatellite loci (G log-
likelihood based exact test; Goudet et al., 1996) were tested
using GENEPOP version 4.0.

Changes in the population effective sizes were examined
using the software BOTTLENECK version 1.2.02 (Cornuet &
Luikart, 1996). The observed gene diversities were compared
to their expected values from the number of alleles in the
samples under the assumption of mutation-migration-drift
equilibrium. Gene diversities at the mutation-migration-
drift equilibrium were computed for the two-phase mutation
model (TPM; with 95% single-step mutations and 5%
multiple-step mutations), which is considered appropriate
for microsatellites (Piry et al., 1999). A significant excess of
observed gene diversity relative to the expected gene diversity
at the equilibrium may indicate a population size reduction,
while a deficit may indicate that the population is growing.
Significances were tested with two-tailed Wilcoxon’s signed-
rank test (Piry ef al., 1999).

AMOVA and Fgr analysis

Population structure was assessed by calculating multi-
locus Fgr values (Weir & Cockerham, 1984) for pairwise
comparisons of samples using ARLEQUIN version 3.11
(Schneider et al., 2000). Significance (P-value) was assessed
with 10,000 permutations of diploid multilocus genotypes
between samples. The structure of the data was also investi-
gated by analysis of molecular variance (AMOVA) with
ARLEQUIN version 3.11 using a permutation nonparametric
approach (1000 permutations) to test for the significance of
fixation indices (Excoffier et al., 1992). The partitioning of
variance between groups, i.e. Greek and French samples, or
three groups according to host-trees (apple, pear, walnut),
among samples within groups, and within samples was
examined.

To test for isolation by distance (IBD) among codling moth
samples a regression analysis of the linearised Fsr transform-
ation (Fsr/(1-Fsr)) onto the logarithm transformation of the
geographical distance was performed (Rousset, 1997) using
GENEPOP version 4.0. The significance of this regression was
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Fig. 1. Sampling sites and host-trees in Greece and France. 1, Alexandria (apple); 2, Agia (apple, walnut); 3, Zagora (apple), Lehonia (pear),
Drakia (walnut); 4, Argos (pear); 5, Tripoli (apple); 6, St-Marcelin (walnut); 7, Valence (apple, pear, walnut); 8, Avignon (apple, pear).

based on Mantel’s test (Mantel, 1967) using 1000 permutations
of pair of samples.

Bayesian clustering and genetic distance analyses

Bayesian analysis implemented in STRUCTURE version
2.2 (Pritchard et al., 2000) was used to infer the number of
K unknown genetic clusters in which the sampled multilocus
genotypes can be split. The method also assigns a probability
that the individuals belong to a certain cluster or to more than
one cluster if they are admixed. We used both of the two
ancestry models that STRUCTURE provides (admixture, each
individual draws some fraction of its genome from each of the
K populations; and no admixture, individuals are discretely
from one population or another) without any prior infor-
mation about the samples (i.e. sampling region, host-plant). In
addition, two models for the allele frequencies (independent
allele frequency, IAF; correlated allele frequency, CAF) were
used for each of the two ancestry models. The IAF model
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assumes that the allele frequencies in each population are
independent draws from a distribution, while the CAF model
assumes that allele frequencies in the different populations are
likely to be similar (probably due to migration or shared
ancestry). In each case, we ran ten simulations (to check the
consistency of our data) of 100,000 iterations following a burn-
in period of 50,000 iterations for each K-value, and with values
of K from 1 to 10. The pointers provided by Pritchard et al.
(2000), Garnier et al. (2004) and Evanno et al. (2005) was used to
select the K-value showing the best subdivision of our data.
We examined the increase pattern of the estimated posterior
probability of the data (mean LnPPD over ten runs divided by
standard deviation) with K and the distribution of ALnPPD
values (mean of the absolute values of the rate of change
of LnPPD averaged over ten runs divided by standard
deviation). The modal value of this distribution is located
at the real K and its height is used as an indicator of the
strength of the signal detected by STRUCTURE (Evanno et al.,
2005).
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Table 2. Number of alleles, allelic richness and frquency of null alleles per loci over all samples from Greece (11=258) and France (11 =155).

Locus Number of alleles Allelic Richness Frequency of null alleles
Greece France Greece France Greece France
Cp3.180 4 3 2.7 22 0.003 0.005
Cp3.169 24 23 8.0 8.6 0.000 0.000
Cp2.129 29 12 9.5 7.8 0.041 0.000
Cpl.62 22 12 8.8 6.1 0.020 0.000
Cp5.24 4 3 3.1 2.4 0.179 0.000
Cp5.M 24 25 13.0 15.5 0.012 0.021
Cp4.S 3 3 29 3.0 0.000 0.083
Cpb6.46 26 22 12.4 10.4 0.099 0.028
Cp2.131 21 16 9.8 9.5 0.030 0.017
Cp4.129 8 6 5.0 3.5 0.052 0.000
Cp6.32 13 12 6.7 6.5 0.000 0.000

To verify the K-value found using STRUCTURE, we also
analyse the multilocus genotypes with BAPS version 5.3
(Corander et al., 2008). In particular, we run a mixture analysis
with the multilocus genotypes pre-assigned to the 15 samples
of codling moth examined. Ten runs for each K=2-10 were
performed.

In addition, the GeneClass2 software (Piry et al., 2004) was
used for population assignment and exclusion tests, including
the calculation of probability of origin for each individual
moth. We used the Bayesian method of Rannala & Mountain
(1997) as computation criterion. The probability for the
assignment of the individuals to a given population was
computed using the simulation algorithm of Paetkau et al.
(2004) for Monte-Carlo re-sampling, and 1000 simulations
were applied with an error rate of 0.01 for type I errors
(assignment threshold probability). Assignment tests were
also run without probability computation (without Monte-
Carlo re-sampling). The score for each individual to the
relative populations was calculated and the assignment
threshold of scores was 0.05.

To further investigate the genetic relationship between
populations, a neighbour joining (N]) tree based on the
allele shared distance (DAS) (Chakraborty & Jin, 1993) was
constructed using the software POPULATIONS version 1.1.28
(http://bioinformatics.org/~tryphon/populations/).  DAS
distance counts the number of different alleles between
multilocus genotypes. Bootstrap values were calculated by
resampling loci, and are presented as percentages over 1000
replications. The tree was constructed using the software
MEGA version 4.01 (Tamura et al., 2007). In addition, we used
GENALEX 6.1 software (Peakall & Smouse, 2006) to calculated
pairwise PhiPT distance values (an analogue of Fgr) in the
examined populations. A principal components analysis
(PCA) was performed using the matrix of the PhiPT values.

Results

Basic statistics, Hardy-Weinberg equilibrium and linkage
disequilibrium

In total, 258 individuals from nine Greek localities and
155 individuals from six French localities were analysed.
No evidence for null allele was found in the 11 loci using
MICROCHECKER software. In addition, low frequencies of
null alleles were calculated using GENEPOP, which ranged
from 0.000 to 0.179 for each locus with mean values over all
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loci for the 15 populations 0.003-0.036. The number of alleles
ranged from 3 to 29 and allelic richness from 2.2 to 15.5
(table 2). The mean (over all loci) number of alleles and allelic
richness ranged among the Greek samples from 7.3 to 10.4 and
from 6.8 to 7.8, respectively. The corresponding values for the
samples from France ranged from 6.7 to 7.8 and from 6.1 to 6.6.
Significant differences were found between Greek and French
samples in the mean number of alleles (over all loci) (8.3 vs 7.1,
U=49.5, P=0.009) and mean allelic richness (7.2 vs 6.3,
U=54.0, P=0.002). By contrast, no differences were found
between these two groups of samples in mean frequency of
null alleles (0.024 vs 0.018, U=33.5, P=0.477), mean Hgxp
(0.653 vs 0.638, U=39.0, P=0.175), mean Hp (0.626 vs 0.641,
U=21.0, P=0.517) and mean Fig (0.04 vs -0.01, U=40.0,
P=0.139) (table 3, table S1 in the supplementary material).

Significant deviation from HWE was found in 26 (17 in
Greek and nine in French samples) out of 165 locus/
population combinations. Most of these deviations were
associated with heterozygote deficiency. Significant multi-
locus deviations associated with heterozygote deficiency was
observed in five populations, four from Greece (AgAb, AlexA,
PiP, PiW) and one from France (AviP), and with heterozygote
excess was indicated in one population from France (ValW)
(table S1). BOTTLENECK software did not detect recent
bottleneck effect in any of the populations examined. However,
significant heterozygosity deficiency in the average observed
gene diversity compared to the expected gene diversity under
the TPM model was observed in two populations from Greece
(PiP, P=0.027; TrA, P=0.001), which may suggest population
expansion. Linkage disequilibrium analysis revealed 63
cases of significant associations between pairs of loci out of
825 pairwise comparisons. This value is above the expected
number by chance in case of equilibrium (0.05 x 825=41.25).
Most pairs of loci with linkage disequilibrium were observed
in one population from Greece (PiW, 15 pairs) and one from
France (ValA, 16 pairs).

AMOVA and Fgr analysis

The global estimate of Fgr over all 15 samples and the
11 microsatellite loci was 0.050 and significant different from
zero (P<0.001), suggesting some genetic differentiation
among samples. The hierarchical AMOVA over all loci and
samples revealed small but significant variance (3.9% of the
total variance, P=0.006) between groups (France vs Greece)
with a global Fcr=0.039 (P<0.001), although most of the


http://bioinformatics.org/~tryphon/populations/
http://bioinformatics.org/~tryphon/populations/
https://doi.org/10.1017/S0007485311000563

190

C.Ch. Voudouris et al.

Table 3. Genetic diversity indices. Mean number of alleles (1), proportion of null alleles (A,), allelic richness (Rs, number of alleles
independent of sample size), heterozygosity expected (Hgxp) and heterozygosity observed (Hp) over all loci.

Samples Country Host n A, Rs Hexp Ho

AlexA N. Greece Apple 7.5 0.024 6.8 0.666 0.650
AgAa C. Greece Apple 10.4 0.012 7.3 0.659 0.643
AgAb C. Greece Apple 9.5 0.030 72 0.671 0.610
PiA C. Greece Apple 7.3 0.020 7.1 0.699 0.694
TrA S. Greece Apple 7.6 0.014 7.3 0.626 0.636
Piw C. Greece Walnut 8.0 0.036 6.9 0.644 0.584
AgW C. Greece Walnut 8.5 0.013 7.5 0.641 0.646
PiP C. Greece Pear 74 0.021 7.0 0.598 0.561
ArgP S. Greece Pear 8.8 0.036 7.8 0.668 0.613
mean 8.3 0.024 7.2 0.653 0.626
ValA S. France Apple 7.3 0.004 6.1 0.647 0.656
AviA S. France Apple 6.7 0.014 6.4 0.639 0.662
MarW S. France Walnut 7.8 0.022 6.6 0.639 0.611
ValW S. France Walnut 6.8 0.010 6.4 0.654 0.705
ValP S. France Pear 7.1 0.030 6.3 0.635 0.629
AviP S. France Pear 7.0 0.030 6.2 0.605 0.582
mean 7.1 0.018 6.3 0.638 0.641

Table 4. AMOVA results for 11 microsatellite loci. The genetic variance was partitioned between two groups (Greece and France) and among

samples within these two groups.

Locus Within samples Among Samples within groups Among groups (Greece vs France)
df Variance % df Variance % df Variance % P
components variation components variation components variation

Cp3.180 801 0.162 98.9 13 0.001 0.3 1 0.001 0.8 0.081
Cp3.169 809 0.303 99.1 13 0.002 0.7 1 0.000 0.2 0.253
Cp2.129 807 0.398 98.1 13 0.005 1.2 1 0.003 0.7 0.126
Cpl.62 807 0.381 97.1 13 0.008 2.1 1 0.003 0.8 0.132
Cp5.24 805 0.219 84.9 13 0.003 14 1 0.035 13.7 0.000
CpsSM 811 0.452 97.3 13 0.005 1.1 1 0.007 1.6 0.044
Cp4S 799 0.220 97.3 13 0.003 14 1 0.003 1.3 0.072
Cp6.46 809 0.402 97.9 13 0.003 0.6 1 0.006 1.5 0.036
Cp2.131 811 0.385 94.1 13 0.006 14 1 0.018 4.5 0.005
Cp4.129 809 0.295 93.6 13 0.005 1.5 1 0.015 49 0.004
Cp6.32 809 0.347 86.4 13 0.001 0.3 1 0.053 13.3 0.000
Total 811 3.537 95.0 13 0.041 1.1 1 0.145 39 0.006

variance (95.0%) was within samples. The within group
variance was low (1.1%) and non-significant (P=0.074).
Global Fgr estimate among the Greek samples was 0.009
(P<0.001) and 0.015 (P<0.001) for the French samples. The
mean value for the pair-wise comparisons between the
samples from Greece and France was 0.032. The loci Cp5.24
and Cp6.32 may contribute more to the differentiation of the
two groups, as they explain a high percentage of the between-
group variance (13.7 and 13.3%, respectively) with Fsr values
of 0.151 and 0.136, respectively (table 4). The pair-wise
comparisons among samples resulted in 37 significant cases
out of 51 with the Fsr values ranged in Greek and French
samples 0.002-0.081 and 0.002-0.068, respectively (table 5).
AMOVA on samples grouped by their host of origin (three
groups) did not reveal significant variance in the genetic
structure between the three hosts (-0.47% of the total variance,
P=0.569; Fcr=0.039, P=0.772).

Mantel’s test did not show significant correlation between
the linearised Fsr values and the geographical distance among
all samples (P=0.562, df=105, r=-0.023), the Greek samples
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(P=0.709, df=36, r=0.105) or the French samples (P=0.699,
df=15, r=-0.046).

Bayesian clustering and genetic distance analyses

Both admixture and non-admixture models showed the
best solution of K to be 2 (results from the non-admixture
model are presented; see fig. S1 in the supplementary
material). There was a sharp increase of the LnPPD values,
with K moving from 1 to 2, and then a plateau appeared to
be reached. In addition, the highest (modal) value of the
distribution of ALnPPD was observed at K=2 for both
admixture and non-admixture models. It seems that splitting
samples in two genetic clusters represents the optimal
subdivision of the data and avoids unjustified and less
informative over-splitting.

The first genetic cluster is mainly characterised by the
individuals from Greece (Greek cluster) and the second by the
individuals from France (French cluster) (fig. 2; the plot
derived from no-admixture ancestry model and IAF model is
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presented). However, both of them are not pure, as there are
individuals from Greece with high membership coefficient to
the French cluster and vice versa. This is demonstrated also by
the mean membership coefficients of the samples from Greece
and France to the two clusters (table 6). The assignment of the
individuals to their country of origin were further examined,
and they were assigned to a single cluster (Greek or French)
when their proportion of ancestry in that cluster was greater
than 80%, otherwise they were considered as admixed.
This empirical threshold was determined after analysing the
distribution of mean ancestry coefficients of the individuals.
The no-admixture ancestry model provided much better
assignment of the individuals to their country of origin
(Greek individuals: 77.9 and 81.0% with CAF and IAF allele
frequency models, respectively; French individuals: 89.0 and
87.7% with the respective allele models) compared to the
admixture model (Greek individuals: 58.5 and 21.3% with
CAF and IAF allele frequency models; French individuals:
59.4 and 42.6% with the respective allele models), and this
is illustrated also in the mean membership coefficient of the
samples examined (table 6).

In agreement to the results from STRUCTURE, BAPS
revealed the highest posterior probability (P=1.000) for a
structure with two genetic clusters (K=2). The first cluster
contained the Greek samples, and the second those from
France. We also examined the assignment of the individuals
in these two genetic clusters (Greek and French) using
GeneClass2. The percentage of corrected classified individuals
was 85.5% (98.4 and 63.9% for Greek and French individuals,
respectively) using the simulation algorithm of Paetkau et al.
(2004) to compute the probability that an individual belongs to
a reference population. The percentage of corrected classified
individuals was increased when the assignment was based on
a score test without probability computation, reaching 91.8%
(92.2 and 91.0% for Greek and French individuals, respect-
ively). In general, the assignment rates obtained by
GeneClass2 were close to those obtained using STRUCTURE
with the no-admixture ancestry model.

The NJ tree based on DAS (fig. 3) provided similar results
with the Bayesian clustering analysis. The tree resulted in two
major clusters, the first consists of the samples from France
and the second those from Greece. Two major clusters
were also revealed by PCA on PhiPT distance values. The
separation was due to the scores of the first PCA axis, which
explained 66.0% of the total variance. Variation within the two
clusters was observed due to the scores of the second PCA
axis, which explained a lower percentage (13.7%) of the total
variance (fig. 4).

Discussion

In the present study, we investigated the genetic relation-
ships among codling moth samples from three hosts from
Greece and France, analysing 11 microsatellite loci, which is
the highest number of loci compared to previous microsatellite
studies on this insect species. Population structuring was
found, with the most obvious case the separation of the Greek
samples from those from France. However, important gene-
flow was recorded among populations within countries and at
a lower extent between countries.

Genetic diversity, Hardy-Weinberg equilibrium

The samples from Greece showed adequate genetic
diversity, as indicated by the mean allelic richness and mean
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Fig. 2. Partition of genetic variation. Clustering plot of the 15 Cydia pomonella samples examined using no-admixture ancestry model and
independent frequency allele model. Number of genetic clusters, K=2; Cluster 1 (Greek cluster), dark grey colour; Cluster 2 (French cluster),
light grey colour. Each individual moth is represented as a vertical bar partitioned into two segments. The lengths of each segment are
proportional to the estimated membership coefficients of the individual in each of the two clusters. Individuals of different samples are
separated by black vertical lines. AgAa , AgAb, AlexA, AgW, ArgP, PiA, PiP, PiW and TrA are samples from Greece, AviP, AviA, MarW,

ValP, ValW and ValA are samples from France; for details see table 1.

number of alleles over all loci which ranged from 6.8 to 7.8 and
from 7.3 to 10.4 and the high number of alleles observed
especially in seven (1329 alleles) out of the 11 loci examined.
The values are in the same order or even higher than those
recorded in previous studies for codling moth populations
from Europe (France, Armenia, Italy: Franck et al. (2007);
Switzerland: Chen & Dorn (2010)) and Chile (Fuentes-
Contreras et al., 2008). In addition, the Greek samples showed
significantly higher diversity, in terms of mean number of
alleles and allelic richness, than those from France examined
here. Nevertheless, the samples from both countries showed
adequate molecular variance, and no recent bottlenecks
were detected, suggesting a lively demographic history
which is characterised by recent demographic expansions in
some Greek populations.

We also observed cases of both single and multi locus
significant deviations from HWE, mostly associated with
heterozygote deficiency. HWE deviations have been recorded
in other microsatellite studies on codling moth populations
from Switzerland (Chen & Dorn, 2010) and Armenia (Franck
et al., 2007) but not in populations from France, Italy (Franck
et al.,, 2007) and Chile (Fuentes-Contreras et al., 2008). In
various microsatellite studies on lepidopteran species, includ-
ing codling moth (Chen & Dorn, 2010), the significant
departures from HWE (heterozygote deficiency) have been
attributed to the presence of null alleles, whose frequency
seems to be greater in Lepidoptera than in other insect orders
(Meglécz & Solignac, 1998; Keyghobadi et al., 1999; Meglécz
et al., 2004; Endersby, ef al., 2006; Orsini et al., 2008). In our
study, MICRO-CHECKER did not find evidence for null
allele at the 11 loci examined, and frequencies of null allele
according to the method of Brookfield (1996) were generally
lower than that reported in previous microsatellite studies on
codling moth (Franck et al., 2007; Fuentes-Contreras et al., 2008;
Chen & Dorn, 2010). Therefore, other factors should be
responsible for the deviations from HWE observed here.
In other insect orders, such as aphids, significant heterozygote
deficiency in sexual populations have been attributed to
selection, Wahlund effect, inbreeding and other population
effects (e.g. Delmotte ef al., 2002; Fenton et al., 2003). Selection
of insecticide resistant genotypes due to intensive chemical
control and their inbreeding could account for the HWE
deviations (heterozygote deficiency) observed in the present
study. The cases of linkage disequilibrium found support the
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possibility of inbreeding and non-random mating. Codling
moth is a sedentary species, and this behaviour might enhance
the inbred of selected resistant genotypes. However, Wahlund
effect of sampling from distinct gene pools in the same
population cannot be excluded. In support of this, Bayesian
clustering analysis showed that some populations contain
members of both genetic clusters into which the multilocus
genotypes were split (see fig. 2 and below).

Genetic structure, gene-flow

Both Bayesian clustering and genetic distance analyses
revealed a genetic differentiation between the samples
from Greece and those from southern France. This was also
supported by AMOVA and Fsr analysis and somehow by the
significant differences in some of the genetic diversity indices
examined. Part of the genetic differentiation between the
French and the Greek samples could be attributed to historical
events. An example might be a different level of admixture in
these countries of the two geographically isolated mitochon-
drial genotype clades which were split during the Pleistocene
but come into contact after disappearance of the geographic
barriers due to climatic changes (Thaler et al., 2008).
Geographic distance might then have enhanced genetic
differentiation through genetic drift or local adaptation
phenomena. Selection forces related to environment and to
pest management practices can shape the genetic structure of
local populations (Thaler et al., 2008). Recently, Franck et al.
(2007) have shown that codling moth populations from France
and other countries were mainly structured according to the
history of insecticide applications. In support of this, the
kdr allele, which confers resistance to pyrethroids, has been
recorded often in France, but not yet in numerous samples
from Greece, including those examined in the present study
(Voudouris et al., 2011).

Although we sampled codling moth from diverse habitats
in Greece, in terms of geography, environmental conditions
and host-trees, the majority of the individuals were grouped in
one genetic cluster. The same was observed in the samples
from southern France examined here. Supporting evidence for
the lack of substantial population structuring within the two
countries compared to the genetic variation between countries
were provided also by the AMOVA results and the Fgr values
(see below). These findings are in accordance with previous
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Table 6. Average membership coefficients for the two genetic clusters obtained from STRUCTURE for the 15 samples of Cydia pomonella

examined.
Population Host Region Admixture ancestry model No-admixture ancestry model
CAF IAF CAF IAF
G F G F G F G F

AlexA Apple N. Greece 0.773 0.227 0.659 0.341 0.920 0.080 0.941 0.059
AgAa Apple C. Greece 0.745 0.255 0.661 0.339 0.861 0.139 0.890 0.110
AgAb Apple C. Greece 0.740 0.260 0.659 0.341 0.854 0.146 0.867 0.133
PiA Apple C. Greece 0.793 0.207 0.680 0.320 0.902 0.098 0.900 0.100
TrA Apple S. Greece 0.598 0.402 0.566 0.434 0.619 0.381 0.622 0.378
AgW Walnut C. Greece 0.837 0.163 0.737 0.263 0.927 0.073 0.932 0.068
Piw Walnut C. Greece 0.659 0.341 0.595 0.405 0.727 0.273 0.750 0.250
PiP Pear C. Greece 0.791 0.209 0.696 0.304 0.898 0.102 0.915 0.085
ArgP Pear S. Greece 0.749 0.251 0.676 0.324 0.848 0.152 0.854 0.146
ValA Apple S. France 0.127 0.873 0.222 0.778 0.033 0.967 0.030 0.970
AviA Apple S. France 0.162 0.838 0.235 0.765 0.069 0.931 0.069 0.931
MarW Walnut S. France 0.184 0.816 0.268 0.732 0.093 0.907 0.103 0.897
Valw Walnut S. France 0.183 0.817 0.264 0.736 0.121 0.879 0.129 0.871
ValP Pear S. France 0.170 0.830 0.261 0.739 0.067 0.933 0.070 0.930
AviP Pear S. France 0.231 0.769 0.309 0.691 0.138 0.862 0.134 0.866

CAF, correlated frequency allele model; IAF, independent frequency allele model.

F, French cluster; G, Greek cluster.

- AviP
41 — AvViA
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Fig. 3. Neighbour joining tree based on shared allele distance
(DAS) among 15 samples of Cydia pomonella. Numbers denotes
bootstrap percentages (1000 resamplings). AgAa, AgAb, AlexA,
AgW, ArgP, PiA, PiP, PiW and TrA are samples from Greece;
AviP, AviA, MarW, ValP, ValW and ValA are samples from
France; for details see table 1.

studies on French populations with allozyme (Bués & Toubon,
1992; Bues et al., 1995) or microsatellite markers (Franck et al.,
2007) and on Chilean populations with microsatellite markers
(Fuentes-Contreras et al., 2008). However, recent studies on
populations from Central Europe (Germany, Austria, northern
Italy) (Thaler et al., 2008) and South Africa (Timm et al., 2006)
with AFLP markers showed high degree of genetic differen-
tiation among populations, even at local geographical scales
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(e.g. <1km in South Africa). Apart from the limited moth
dispersal, variation in microclimate, habitat-specific con-
ditions, geographic isolation, host-adaptation and pest control
practices in Central Europe and relative isolation of pome fruit
production areas along with absence of wild hosts in South
Africa are possible reasons for these structuring patterns.
Franck & Timm (2010) have suggested that these discrepancies
among studies could also be attributed to the different
affinities of the primers used. However, a recent microsatellite
study on populations from Switzerland reported also impor-
tant genetic differentiation at local geographic scale (even less
than 10km), which was mostly attributed to the sedentary
behaviour of codling moth (Chen & Dorn, 2010).

The global Fsr values (0.050 among all 15 samples; 0.009
among Greek samples; 0.015 among French samples; 0.032
mean value for the pair-wise comparisons between samples
from Greece and France; Fcr=0.039 between the groups of
French and Greek samples), as well as the pair-wise values
found here, are in the range of those reported in previous
microsattelite studies on codling moth populations from
other countries [Fsr=0.066 among samples from France,
Italy, Armenia and Chile, and Fsr=0.006 among samples
from France (Franck ef al., 2007); Fsr=0.026 among samples
from central Chile (Fuentes-Contreras et al., 2008); Fst=0.016—
0.128, with a mean 0.064 in samples from Switzerland (Chen
& Dorn, 2010)]. In addition, early studies using allozyme
loci found similar Fgr values with the aforementioned
ones [Fsy=0.03 for samples from France (Bues et al., 1995);
Fsr=0.066 at an intercontinental level (Pashley & Bush, 1979)].
The Fst values found here contribute to the view of Franck &
Timm (2010) that, globally, the codling moth populations
appear to be only slightly structured among regions or
countries.

It is worth also noticing that the Fsr values found here for
a sedentary insect are quite lower than those reported
in microsatellite studies on other sedentary lepidopteran
species, such as Melitaea cinxia L. (Nymphalidae) (Fsr=0.200;
Palo et al., 1995) and Polyommatus bellargus Rottemburg
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Fig. 4. Plot of the scores of the two Axes of principal component analysis of molecular variance using the PhiPT pairwise distance matrix.
The two axes explain 79.7% of the total variance. AgAa, AgAb, AlexA, AgW, ArgP, PiA, PiP, PiW and TrA are samples from Greece; AviP,
AviA, MarW, ValP, ValW and ValA are samples from France; for details see table 1.

(Lycaeninae) (Fsy=0.127; Harper et al., 2003). By contrast, our
values are closer to those reported for highly dispersive
lepidopteran species in studies using microsatelitte [Plutella
xylostella (L.) (Yponomeutidae), Fsr=0.005 (Endersby
et al., 2006); Helicoverpa armigera (Hiibner) (Noctuidae),
Fsr=0.002 (Endersby et al., 2007)] or allozyme [Heliothis
virescens (Fabricius) (Noctuidae), Fst=0.002 (Schneider,
1999); Ostrinia nubilalis (Hubner) (Crambidae) Fgr=0.024
(Coates et al., 2004)] markers. In general, dispersive species
show reduced Fsr values compared to those of reduced
dispersal ability (reviewed by Bohonak, 1999). Nevertheless,
the different analyses performed in the present study
(including the assignment tests; see below for discussion)
come to the same conclusion, i.e. there is gene-flow at various
geographic scales (mostly within the two countries) in a
sedentary species, even between samples which are hundreds
or thousands kilometres apart, separated by many physical
barriers. It should be mentioned that sedentary behaviour has
been proved also for Greek strains and populations with
mark-release-recapture experiments and kinship analysis
based on microsatellite markers (maximum dispersal distance
~200m; Voudouris ef al., unpublished data). This gene-flow
could not be attributed to active dispersion of codling moth
individuals. The most possible explanation is passive dis-
persion due to human activities related to transportation over
long distances of infested fruits and harvest bins, which are
known to frequently carry diapausing larvae (Higbee et al.,
2001; Fuentes-Contreras et al., 2008). However, some individ-
uals of codling moth are able to undertake flights of several
kilometres (Mani & Wildbolz, 1977; Schumacher et al., 1997)
and, given that commercial pome and walnut production and
domestic culture of host-trees of codling moth are widespread
in Greece and southern France, a ‘stepping-stone’” model of
expansion could not be totally excluded. The gene-flow
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described by the ‘stepping-stone’ hypothesis in other seden-
tary species had a significant influence on the genetic
homogenisation over large geographical distances (Peterson,
1996).

Another point of discussion is that assignment tests
revealed individuals that are not assigned to their country of
origin (Greece or France) and might represent hybrids
between populations from these two or other countries. We
cannot, however, discriminate between these two alternatives
or clarify the patterns of codling moth dispersal across
southern Europe, as it was not possible to analyse samples
from localities spanning the geographic distance between
Greece and southern France. Nevertheless, this finding could
be attributed to recent immigration and supports also the view
that gene-flow occur also over large geographical distances
(Franck et al., 2007; Franck & Timm, 2010). It highlights also
the impact of globalisation of commerce on the rather recent
range expansion of this insect pest. Franck et al. (2007) found
also individuals from France and Italy that were hybrids
between populations from different countries as a result
of recent migration. In addition, Pashley & Bush (1979)
suggested a European origin of Canadian and southern
African populations, with New Zealand being an additional
source for the latter populations. Recently, Timm et al. (2006)
come to similar conclusions after the analysis of samples from
Canada, England and South Africa.

Isolation by distance

The theory of an isolation-by-distance (IBD) effect from a
source area (Wright, 1943; Slatkin, 1993) predict that gene
flow is most common over short geographic distances and
decreases as geographic distance increases. IBD effect has been
detected in several insect species (reviewed by Peterson &
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Denno, 1998a). However, we observed no significant corre-
lation between genetic and geographic distance either among
all 15 samples or among the nine Greek and among the six
French samples. Other studies using microsatellite (Chen &
Dorn, 2010) or AFLP (Timm et al., 2006; Thaler et al. 2008)
markers failed also to find a significant IBD effect at various
geographic scales in populations from Central Europe or from
South Africa. On the other hand, two studies using micro-
satellites reported significant IBD effect in populations from
Chile (Fuentes-Contreras et al., 2008) or from a larger spatial
scale (populations from France, Italy Armenia and Chile)
(Franck et al., 2007). Chen & Dorn (2010) suggested that the
discrepancy among studies about IBD effect could be related
to the innate dispersal capacity of codling moth individuals
and to anthropogenic influence on the orchard agro ecosys-
tem. Human-mediated long distance dispersal of codling
moth through transportation of infested material (reviewed by
Franck & Timm, 2010) could be another factor for the lack
of IBD observed here or in other studies. Similarly, Peterson &
Denno (1998a) suggested that IBD was not pronounced in
highly mobile insects as a result of low genetic differentiation
(due to gene-flow) even between distant populations. In our
case, however, the lack of samples covering the distance
between France and Greece might have also contributed to the
non-significant IBD effect.

Host-related genetic differences

Both Bayesian clustering and genetic distance analyses,
including AMOVA and Fsr statistics, failed to reveal host-
associated differences among the populations examined here,
and thus we have not evidence of host-race formation in
codling moth from Greece or southern France. Similarly,
allozyme polymorphism analysis on French populations from
apple, pear, quince, walnut and apricot Prunus armeniaca
L. did not reveal genetic difference related to host-tree (Bues &
Toubon, 1992; Bueés et al., 1995). In addition, Timm et al. (2006)
did not find host-specific differences in AFLP patterns among
samples from apple, pear and stone fruit from South Africa.
However, early behavioural and physiological studies on
codling moth from California reported differences between
populations from apple, walnut and a stone fruit species
(plum), and it was suggested that there are three well-defined
host-races (Phillips & Barnes, 1975). Toward this direction
were the results of two recent studies using DNA markers.
Thaler et al. (2008) found that individuals of a codling moth
population from walnut trees in northern Italy had a different
AFLP pattern than a neighbouring population from apple
trees. Chen & Dorn (2010) reported also genetic differentiation
among populations from three host-trees (apple, apricot and
walnut) in Switzerland. It seems that the genetic studies,
including ours, provide contradictory results about the
existence of host-adapted population or races in codling
moth, and only one-third of them report host-associated
differences. Chen & Dorn (2010) suggested that the lack of
host-associated difference in the aforementioned studies
maybe be due to the use of allozyme loci (Bués & Toubon,
1992; Bués et al., 1995), which are less polymorphic than
microsatellite markers, or to the small sample sizes examined
per tree species and location (Timm et al., 2006). In our study,
regardless the use of more microsatellite loci than Chen &
Dorn (2010) (11 vs 9) and similar or higher sample sizes per
host-tree, host-related genetic differences were not found. It
seems, therefore, that host-adapted populations of codling
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moth are not quite spread; and, until now, they have been only
recorded in Central Europe and California. The reason for this
remains to be found, although factors related to climate and
to agricultural landscape (e.g. distribution and size of the
orchards of the various host-trees) might be involved. Accord-
ing to Barnes (1991), a host-associated race or population of
codling moth could only evolve in an orchard of sufficient area
of dominance.

Conclusions

The results of the present study suggested important gene-
flow among samples from various regions of Greece from
three hosts. The same pattern was observed in samples from
southern France which were examined for comparison
purposes. On the other hand, population structuring between
the two countries was found. Historical events along with the
relative geographic isolation, genetic drift and local adaptation
phenomena might have contributed to this genetic differen-
tiation. However, cases of gene-flow between samples from
Greece and France were also detected. These results add to the
growing body of evidence that codling moth populations are
slightly structured at either country or global level (reviewed
by Franck & Timm, 2010), which reflects the globalisation
of this insect pest. Given the sedentary nature of the species,
which has been proved also for Greek strains and populations
(Voudouris et al., unpublished data), the patterns of gene-
flow observed here highlight the importance of agricultural
practices and commerce in the passive dispersal of individuals
over large distances. Our findings may have important
implications for the chemical control of the pest and insecticide
resistance management, as they are often affected by the
dispersal of codling moth. A recent study showed that
insecticide resistance is widespread in codling moth popu-
lations in the main apple-growing regions of Greece
(Voudouris et al., 2011). Apart from local factors related to
insecticide selection pressure, this might have resulted from
the gene-flow among populations recorded in the present
study. Lastly, we didn’'t find evidence for host-adapted
populations either in Greece or in France, suggesting regular
gene-flow among populations from the three host-trees
examined, although future research shall include samples
from additional cultivated, domesticated and wild tree
species.

Acknowledgements

The present study was funded by the PENED 2003
project. PENED 2003 was co-funded by the European Union
(European Social Fund) by 80%, from the Hellenic State
(Ministry of Development, General Secretariat for Research
and Technology) by 20% (public grants) and from Hellenic
Private Sector, in the framework of Measure 8.3 of Operational
Programme ‘Competitiveness’ (the 3rd Community Support
Programme). Partial funding was obtained by a bilateral Joint
Research and Technology project between Greece and France
(2006-2008) (funded by the Greek General Secretariat for
Research and Technology). The study was also supported by
the Postgraduate Courses ‘Biotechnology-Quality Assessment
in Nutrition and the Environment’ and ‘Applications of
Molecular Biology-Genetics: Diagnostic Biomarkers’ of the
Department of Biochemistry and Biotechnology, University of
Thessaly, Greece.


https://doi.org/10.1017/S0007485311000563

196 C.Ch. Voudouris et al.

Supplementary material

The online table and figure can be viewed at http://
journals.combridge.org/ber.

References

Armstrong, K.F. & Wratten, S.D. (1996) The use of DNA analysis
and the polymerase chain reaction in the study of introduced
pests in New Zealand. pp. 231-263 in Symondson, W.O.C. &
Liddell, J.E. (Eds) The Ecology of Agricultural Pests: Biochemical
Approaches. London, UK, Chapman & Hall.

Barnes, M.M. (1991) Codling moth occurrence, host race
formation and damage. pp. 313-327 in van der Geest, L.P.S.
& Evenhuis, H.-H. (Eds) Tortricid Pests: Their Biology, Natural
Enemies and Control. Amsterdam, The Netherlands, Elsevier.

Baur, B. & Schmid, B. (1996) Spatial and temporal patterns of
genetic diversity within species. pp. 169201 in Gaston, K.J.
(Ed.) Biodiversity: A Biology of Numbers and Difference. Oxford,
UK, Blackwell.

Behura, S.K. (2006) Molecular marker systems in insects: current
trends and future avenues. Molecular Ecology 15, 3087-3113.

Bohonak, A.J. (1999) Dispersal, gene flow, and population
structure. Quarterly Review of Biology 74, 21-45.

Boivin, T., Bouvier, J.-C., Beslay, D. & Sauphanor, B. (2004)
Variability in diapause propensity within populations of a
temperate insect species: interactions between insecticide
resistance genes and photoperiodism. Biological Journal of the
Linnean Society 83, 341-351.

Brookfield, J.E.Y. (1996) A simple new method for estimating null
allele frequency from heterozygote deficiency. Molecular
Ecology 5, 453-455.

Bues, R. & Toubon, J.F. (1992) Polymorphisme enzymatique
dans différentes populations de Cydia pomonella L. (Lep.
Tortricidae). Acta Oecologica-International Journal of Ecology 13,
583-591.

Bues, R., Toubon, J.F. & Poitout, H.S. (1995) Variabilité
écophysiologique et enzymatique de Cydia pomonella L. En
fonction de l'origine géographique et de la plante hote.
Agronomie 15, 221-231.

Chakraborty, R. & Jin, L. (1993) A unified approach to study
hypervariable polymorphisms: statistical considerations
of determining relatedness and population distances.
pp- 153-175 in Pena, S.D.]., Chakraborty, R., Epplen, ].T. &
Jeffreys, A.]. (Eds) DNA Fingerprinting: State of the Science.
Basel, Switzerland, Birkhduser, Verlag.

Chen, HM. & Dorn, S. (2010) Microsatellites reveal genetic
differentiation among populations in an insect species with
high genetic variability in dispersal, the codling moth, Cydia
pomonella (L) (Lepidoptera: Tortricidae). Bulletin of
Entomological Research 100, 75-85.

Coates, B.S., Sumerford, D.V. & Hellmich, R.L. (2004)
Geographic and voltinism differentiation among North
American  Ostrinia  nubilalis (European corn borer)
mitochondrial cytochrome ¢ oxidase haplotypes. Journal of
Insect Science 4, 35, 9 pp. Available online at www.
insectscience.org/4.35.

Corander, J., Marttinen, P., Sirén, J. & Tang, J. (2008) Enhanced
Bayesian modelling in BAPS software for learning genetic
structures of populations. BMC Bioinformatics 9, 539, 14
pp. Available online at http://www.biomedcentral.com/
1471-2105/9/539.

Cornuet, J.M. & Luikart, G. (1996) Description and power
analysis of two tests for detecting recent population

https://doi.org/10.1017/S0007485311000563 Published online by Cambridge University Press

bottlenecks from allele frequency data. Genetics 144, 2001
2014.

Delmotte, F., Leterme, N. Gauthier, J.-P., Rispe, C,
Simon, J.-C. (2002) Genetic architecture of sexual and
asexual populations of the aphid Rhopalosiphum padi based
on allozyme and microsatellite markers. Molecular Ecology
11, 711-723.

Denholm, I. & Rowland, M.W. (1992) Tactics for managing
pesticide resistance in arthropods: theory and practice.
Annual Review of Entomology 37, 91-112.

Endersby, N.M., McKechnie, S.W., Ridland, P.M. &
Weeks, A.R. (2006) Microsatellites reveal a lack of
structure in Australian populations of the diamondback
moth, Plutella xylostella (L.). Molecular Ecology 15, 107-
118.

Endersby, N.M., Hoffmann, A.A., McKechnie, S.W. & Weeks, A.
R. (2007) Is there genetic structure in populations of
Helicoverpa  armigera  from  Australia?  Entomologia
Experimentalis et Applicata 122, 253-263.

Evanno, G., Regnaut, S. & Goudet, J. (2005) Detecting the
number of clusters of individuals using the software
STRUCTURE: a simulation study. Molecular Ecology 14,
2611-2620.

Excoffier, L., Smouse, P.E. & Quattro, .M. (1992) Analysis of
molecular variance inferred from metric distances among
DNA haplotypes: application to human mitochondrial DNA
restriction data. Genetics 131, 479—-491.

Fenton, B., Malloch, G., Navajas, M., Hillier, J. & Birch, A.N.E.
(2003) Clonal composition of the peach-potato aphid
Muyzus persicae (Homoptera: Aphididae) in France and
Scotland: Comparative analysis with IGS fingerprinting
and microsatellite markers. Annals of Applied Biology 142,
255-267.

Franck, P. & Timm, A.E. (2010) Population genetic structure of
Cydia pomonella: a review and case study comparing
spatiotemporal variation. Journal of Applied Entomology 134,
191-200.

Franck, P., Guérin, F., Loiseau, A. & Sauphanor, B. (2005)
Isolation and characterisation of microsatellite loci in the
codling moth Cydia pomonella L. (Lepidoptera, Tortricidae).
Molecular Ecology Notes 5, 99-102.

Franck, P., Reyes, M., Olivares, J. & Sauphanor, B. (2007) Genetic
architecture in codling moth populations: comparison
between microsatellite and insecticide resistance markers.
Molecular Ecology 16, 3554-3564.

Franck, P., Ricci, B., Klein, E.K., Olivares, J.,, Simon, S.,
Cornuet, J.-M. & Lavigne, C. (2011) Genetic inferences
about the population dynamics of codling moth females at a
local scale. Genetica 39, 949-960.

Fuentes-Contreras, E., Reyes, M., Barros, W. & Sauphanor, B.
(2007) Evaluation of azinphosmethyl resistance and activity
of detoxifying enzymes in codling moth (Lepidoptera:
Tortricidae) from central Chile. Journal of Economic
Entomology 100, 551-556.

Fuentes-Contreras, E. Espinoza, J.L., Lavandero, B. &
Ramirez, C.C. (2008) Population genetic structure of
codling moth (Lepidoptera: Tortricidae) from apple
orchards in central Chile. Journal of Economic Entomology
101, 190-198.

Garnier, S., Alibert, P., Audiot, P., Prieur, B. & Rasplus, J.-Y.
(2004) Isolation by distance and sharp discontinuities in
gene frequencies: implications for the phylogeography of an
alpine insect species, Carabus solieri. Molecular Ecology 13,
1883-1897.


http://journals.combridge.org/ber
http://journals.combridge.org/ber
http://journals.combridge.org/ber
http://www.insectscience.org/4.35
http://www.insectscience.org/4.35
http://www.biomedcentral.com/1471-2105/9/539
http://www.biomedcentral.com/1471-2105/9/539
http://www.biomedcentral.com/1471-2105/9/539
https://doi.org/10.1017/S0007485311000563

Genetic structure of codling moth populations from Greece and France 197

Goudet, J. (1995) FSTAT (version 1.2): a computer program to
calculate F-statistics. Journal of Heredity 86, 485-486.

Goudet, J., Raymond, M., de Meeiis, T. & Rousset, F. (1996)
Testing differentiation in diploid populations. Genetics 144,
1933-1940.

Harper, G.L., Maclean, N. & Goulson, D. (2003) Microsatellite
markers to assess the influence of population size, isolation
and demographic change on the genetic structure of the
UK butterfly Polyommatus bellargus. Molecular Ecology 12,
3349-3357.

Higbee, B.S., Calkins, C.O. & Temple, C.A. (2001) Overwintering
of codling moth (Lepidoptera: Tortricidae) larvae in apple
harvest bins and subsequent moth emergence. Journal of
Economic Entomology 94, 1511-1517.

Keil, S., Gu, H.N. & Dorn, S. (2001) Response of Cydia pomonella
to selection on mobility: laboratory evaluation and field
verification. Ecological Entomology 26, 495-501.

Keyghobadi, N., Roland, J. & Strobeck, C. (1999) Influence of
landscape on the population genetic structure of the alpine
butterfly Parnassius smintheus (Papilionidae). Molecular
Ecology 8, 1481-1495.

Knight, A.L., Brunner, J.F. & Alston, D. (1994) Survey of azinphos
methyl resistance in codling moth (Lepidoptera: Tortricidae)
in Washington and Utah. Journal of Economic Entomology 87,
285-292.

Loxdale, H.D. & Lushai, G. (2001) Use of genetic diversity in
movement studies of flying insects. pp. 361-386 in Woiwod,
LP., Reynolds, D.R. & Thomas, C.D. (Eds) Insect Movement:
Mechanisms and Consequences. Wallingford, UK, CABI
Publishing.

Manel, S., Gaggiotti, O.E. & Waples, R.S. (2005) Assignment
methods: matching biological questions with appropriate
techniques. Trends in Ecology and Evolution 20, 136-142.

Mani, E. & Wildbolz, T. (1977) The dispersal of male codling
moths (Laspeyresia pomonella L.) in the Upper Rhine Valley.
Journal of Applied Entomology 83, 161-168.

Mantel, N. (1967) The detection of disease clustering and
generalized regression approach. Cancer Research 27, 209-
220.

Meglécz, E. & Solignac, M. (1998) Microsatellite loci for Parnassius
mnemosyne (Lepidoptera). Hereditas 128, 179-180.

Meglécz, E., Petenian, F., Danchin, E., Coeur, D’Acier, A.C,,
Rasplus, J.Y. & Faure, E. (2004) High similarity
between flanking regions of different microsatellites
detected within each of two species of Lepidoptera:
Parnassius Apollo and Euphydryas aurinia. Molecular Ecology
13, 1696-1700.

Orsini, L., Wheat, C.W., Haag, C.R., Kvist, J.,, Frilander, M.J. &
Hanski, I. (2008) Fitness differences associates with Pgi SNP
genotypes in the Glanville fritillary butterfly (Melitaea cinxia).
Journal of Evolutionary Biology 22, 367-375.

Paetkau, D., Slade, R., Burden, M. & Estoup, A. (2004) Genetic
assignment methods for the direct, real-time estimation of
migration rate: a simulation-based exploration of accuracy
and power. Molecular Ecology 13, 55-65.

Pashley, D.P. & Bush, G.L. (1979) The use of allozymes in
studying insect movement with special reference to
the codling moth, Laspeyresia pomonella (L.) (Olethreutidae).
pp. 333-341 in Rabb, R.L. & Kennedy, G.G. (Eds) Movement
of Highly Mobile Insects: Concepts and Methodology in
Research. Raleigh, NC, USA, North Carolina State
University Press.

Palo, J., Varvio, S.L., Hanski, I. & Vainola, R. (1995)
Developing micro-satellite markers for insect population

https://doi.org/10.1017/S0007485311000563 Published online by Cambridge University Press

structure-complex variation in a checkerspot butterfly.
Hereditas 123, 295-300.

Peakall, R. & Smouse, P.E. (2006) GENALEX 6: genetic analysis in
Excel. Population genetic software for teaching and research.
Molecular Ecology Notes 6, 288-295.

Peterson, M.A. (1996) Long-distance gene flow in the sedentary
butterfly, Euphilotes enoptes (Lepidoptera: Lycaenidae).
Evolution 50, 1990-1999.

Peterson, M.A. & Denno, R.F. (1998a) The influence of dispersal
and diet breadth on patterns of genetic isolation by distance
in phytophagous insects. American Naturalist 152, 428-446.

Peterson, M.A. & Denno, R.F. (1998b) Life history strategies
and the genetic structure of phytophagous insect
populations. pp. 263-322 in Mopper, S. & Strauss, S. (Eds)
Genetic Structure and Local Adaptation in Natural Insect
Populations: Effects of Ecology, Life History, and Behavior.
New York, USA, Chapman & Hall.

Piry, S., Luikart, G. & Cornuet, J-M. (1999) Bottleneck: a
computer program for detecting recent reductions in the
effective population size using allele frequency data. Journal
of Heredity 90, 502-503.

Piry, S., Alapetite, A., Cornuet, J.-M., Paetkau, D., Baudouin, L.
& Estoup, A. (2004) GeneClass2: a software for genetic
assignment and first generation migrants detection. Journal of
Heredity 95, 536-539.

Phillips, P.A. & Barnes, M.M. (1975) Host race formation among
sympatric apple, walnut, and plum populations of the
codling moth, Laspeyresia pomonella. Annals of the
Entomological Society of America 68, 1053-1060.

Pritchard, J.K., Stephens, M. & Donnelly, P. (2000) Inference of
population structure using multilocus genotype data.
Genetics 155, 945-959.

Rannala, B. & Mountain, J.L. (1997) Detecting immigration by
using multilocus genotypes. Proceedings of the National
Academy of Sciences 94, 9197-9201.

Raymond, M. & Rousset, F. (1995) An exact test for population
differentiation. Evolution 49, 1280-1283.

Riedl, H. & Croft, B.A. (1978) The effects of photoperiod and
effective temperatures on the seasonal phenology of the
codling moth (Lepidoptera: Tortricidae). ~Canadian
Entomologist 110, 455-470.

Roderick, G.K. (1996) Geographic structure of insect populations:
gene flow, phylogeography, and their uses. Annual Review of
Entomology 41, 325-352.

Rousset, F. (1997) Genetic differentiation and estimation of gene
flow from F-statistics under isolation by distance. Genetics
145, 1219-1228.

Rousset, R. (2008) GENEPOP’007: a complete re-implementation
of the GENEPOP software for Windows and Linux. Molecular
Ecology Resources 8, 103-106.

Sauphanor, B., Bouvier, J.C. & Brosse, V. (1998) Spectrum of
insecticide resistance in Cydia pomonella (Lepidoptera:
Tortricidae) in southeastern France. Journal of Economic
Entomology 91, 1225-1231.

Schumacher, P., Weyeneth, A., Weber, D.C. & Dorn, S. (1997)
Long flights in Cydia pomonella L. (Lepidoptera: Tortricidae)
measured by a flight mill: influence of sex, mated status and
age. Physiological Entomology 22, 149-160.

Schneider, J.C. (1999) Dispersal of a highly vagile insect in a
heterogeneous environment. Ecology 80, 2740-2749.

Schneider, S., Roessli, D. & Excoffier, L. (2000) Arelquin. A
software for population genetic data analysis, Version 2.0.
Genetics and Biometry Laboratory, University of Geneva,
Geneva, Switzerland.


https://doi.org/10.1017/S0007485311000563

198 C.Ch. Voudouris et al.

Shel’Deshova, G.G. (1967) Ecological factors determining the
distribution of the codling moth Laspeyresia pomonella
L. (Lepidoptera, Tortricidae) in the northern and southern
hemispheres. Entomological Review 46, 349-361.

Slatkin, M. (1993) Isolation by distance in equilibrium and non-
equilibrium populations. Evolution 47, 264-279.

Tamura, K., Dudley, J., Nei, M. & Kumar, S. (2007) MEGAA4:
Molecular Evolutionary Genetics Analysis (MEGA) software
version 4.0. Molecular Biology and Evolution 24, 1596-1599.

Thaler, R., Brandstitter, A., Meraner, A., Chabicovski, M.,
Parson, W., Zelger, R., Dalla Via, J. & Dallinger, R. (2008)
Molecular phylogeny and population structure of the
codling moth (Cydia pomonella) in Central Europe: II. AFLP
analysis reflects human-aided local adaptation of a global
pest species. Molecular Phylogenetics and Evolution 48, 838—
849.

Timm, A.E., Geertsema, H. & Warnich, L. (2006) Gene flow
among Cydia pomonella (Lepidoptera: Tortricidae) geographic

https://doi.org/10.1017/S0007485311000563 Published online by Cambridge University Press

and host populations in South Africa. Journal of Economic
Entomology 99, 341-348.

van Oosterhout, C., Hutchinson, W.F., Wills, D.P.M. &
Shipley, P. (2004) MICRO-CHECKER: software for
identifying and correcting genotyping errors in
microsatellite data. Molecular Ecology Notes 4, 535-538.

Voudouris, C.Ch., Sauphanor, B., Franck, P., Reyes, M.,
Mamuris, Z., Tsitsipis, J.A.,, Vontas, ]J. &
Margaritopoulos, J.T. (2011) Insecticide resistance status of
the codling moth Cydia pomonella (Lepidoptera: Tortricidae)
from Greece. Pesticide Biochemistry and Physiology 100, 229—
238.

Walsh, P.S., Metzger, D.A. & Higuchi, R. (1991) Chelex (R) 100 as
a medium for simple extraction of DNA for PCR-based
typing from forensic material. Biotechnigques 10, 507.

Weir, B.S. & Cockerham, C.C. (1984) Estimating F-statistics for the
analysis of population structure. Evolution 38, 1358-1370.

Wright, S. (1943) Isolation by distance. Genetics 28, 114-138.


https://doi.org/10.1017/S0007485311000563

