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Genetic structure of the forest pest Hylobius abietis
on conifer plantations at different spatial scales

in Europe
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The distribution of genetic variation within and among 20
European sites infested by the large pine weevil, Hylobius
abietis, was analysed using dominant amplified fragment
length polymorphism markers. Analysis of molecular var-
iance was performed at the European, regional and local
scales. Most of the genetic variability was found within rather
than among populations and the global fixation index
averaged over loci was low (0.07). We found no evidence
of genetic drift, even in relatively isolated sites. This genetic
pattern tends to confirm the high dispersal ability of the weevil
and the influence of human-mediated expansion of its range
through conifer plantations across Europe since the 19th
century. Assignment tests demonstrated that the regional
forest is a pertinent geographic scale for defining populations

in the large pine weevil. Testing the potential influence of the
larval host-plant identity (Scot Pine vs Norway Spruce) on the
genetic structure revealed a weak but significant effect in two
of the three regions tested (in Ardeche and in Limousin but
not in Finland). One locus varied with host-plant use in the
two French regions, indicating a potential role in host-plant
adaptation. However, host-race formation is not observed in
H. abietis; we discuss this result in the light of our current
knowledge of this insect's biology. Altogether, this study
shows that the use of different host plants for development
does not constitute a strong barrier to gene flow for H. abietis
and confirms the high dispersal ability of this forest pest.
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Introduction

The large pine weevil, Hylobius abietis (Coleoptera:
Curculionidae, L.), is the most economically important
pest of young conifer plantations in commercial forestry
throughout western Europe (Leather et al, 1999; Lempér-
iere and Julien, 2003; Grégoire and Evans, 2004). Adults
are attracted to stumps of felled trees where the females
lay eggs in the bark. The larvae feed under the bark of
stumps and roots, where they do no economic damage.
In contrast, adults feed around the root-collar of seedling
trees (Lempériere and Julien, 2003). When the feeding
damage on newly replanted seedlings is severe, the
trees die.

In their attempt to summarize the crucial issues and
the research priorities for Bark and Wood Boring Insects
in Living Trees in Europe (BAWBILT organisms), Lieutier
et al (2004) raise the point that H. abietis are highly
damaging to forest trees, but also difficult to track in time
and space. Knowledge of the population dynamics
and of its driving forces is crucial for forest management.
For this purpose, molecular tools are increasingly and
successfully used in population genetic studies of insect
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pests to infer ecological characteristics that are crucial for
establishing management strategies, as, for example, the
elucidation of long-range movement in the boll-weevil
(Kim and Sappington, 2004), or the clarification of the
host-plant’s role as a potential barrier to colonization and
spread in a Chrysomelid pest of willows (Batley et al,
2004). Moreover, identifying ecotypes or host races within
the target pest species is central to the establishment of
successful control programmes (Bourguet et al, 2000). For
H. abietis demonstrating the occurrence of host races could
be important for predicting pest response to environ-
mental changes such as the introduction of new conifer
cultivars, or the success of a biological control agent such
as entomopathogenic nematodes (Salinas, 2002).

Owing to their wide distribution across the Eurasian
continent, populations of the large pine weevil are
expected to undergo variable selection pressures due to
the climatic conditions and the nature and availability of
the host plant. This spatial variation in selection creates
the potential for local adaptation, but its outcome
depends on the magnitude of selection relative to effects
of genetic drift and gene flow (Slatkin, 1973). These
evolutionary forces do not act similarly on the whole
genome: genetic drift affects all loci in the same way,
whereas natural selection acts only on those genes
involved in adaptation (Campbell and Bernatchez,
2004). Simultaneously analysing multiple loci scattered
throughout the genome allows us to disentangle those
effects. For this study, we therefore chose the amplified
fragment length polymorphism (AFLP) technique which



generates a large number of markers distributed
throughout the genome without prior knowledge about
it (Vos et al, 1995). Genome-wide analysis of population
differentiation allows not only inferences about the
relative importance of genetic drift and migration among
populations but also assessment of the adaptive differ-
entiation of populations by searching for atypical loci
or ‘outliers’, that is, loci that exhibit exceptionally high
or low values of Fy between groups of individuals in
different environments (Beaumont and Nichols, 1996;
Luikart et al, 2003).

The present study addresses the following questions
on the biology of the insect through examination of its
population genetic patterns:

Is the genetic structure shaped by outbreak dynamics?
Perhaps because of the ephemeral nature of its habitat,
H. abietis is a moderately outbreaking species (Speight
and Wainhouse, 1989). This means that it periodically
undergoes eruptive outbreak events that are followed by
population size decreases when conditions become
unfavourable. Depending on the minimum population
size reached, those crashes may create genetic bottle-
necks. The genetic composition may also be strongly
influenced by founder effects when new populations are
established by few migrants. In this context, genetic drift
may play an important role in the genetic composition of
a given population. Thus, genetic drift may be respon-
sible for decreasing genetic variation within geographi-
cally isolated populations and increasing genetic
variation among geographically isolated populations,
without causing a pattern of isolation by distance.

Alternatively, is the structure shaped by high

population mixing?

This insect became a major pest as a consequence
of human forestry activity (Leather et al, 1999). Indeed,
clear-felling provides numerous favourable breeding
sites, and consequently the number of sites no longer
represents a population limiting factor (Orlander ef al,
1997). It might therefore be predicted that the popula-
tions of this insect will remain dense in managed forest
regions where breeding sites are always available. This
pattern could promote high levels of population mixing
depending on the weevil dispersal behaviour. Under this
scenario, we might expect high genetic variation to be
found within populations and reduced genetic differ-
entiation among populations.

Does the larval host-plant act as a selective factor

In phytophagous insects, distribution, availability, long-
evity and chemistry of the host plant are major factors
affecting the genetic differentiation of populations
(Mopper, 1996; Zangerl and Berenbaum, 2003). Recent
studies of H. abietis highlight the importance of con-
sidering the influence of the tree species on the larval
performance (von Sydow and Birgersson, 1997; Thorpe
and Day, 2002). There was considerable variation in
larval mortality, development time and weight of adults
at emergence, depending on the host species (Thorpe
and Day, 2002), which can affect the potential of the
insect to damage its hosts. If differential selection on the
alternate hosts is strong enough to cause local adaptation
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to each host species, it can also prevent gene flow, even
locally.

Among the many conifer species cultivated through-
out the Eurasian continent, Norway spruce (Picea abies
Karst) and Scots pine (Pinus sylvestris L.) are of primary
importance for H. abietis. Their current distribution in
Europe is mainly the result of the relatively recent
plantations for commercial forestry and they overlap in
managed forests such as in the regions of Limousin and
Ardeéche, France. In contrast, the forest of Landes
(southwest of France) has comprised a monoculture of
Pinus pinaster (Ait.) trees since the 19th century. If the use
of several host plants by the larvae were a source of
diversifying selection, we would expect to find a lower
proportion of neutral genetic variation in populations
established in monocultures than in more diversely
planted forest regions.

Experimental procedures

Study sites and sampling

The 367 weevils (305 larvae and 62 adults) were collected
in 20 sites across Europe in Estonia, Finland, France,
Ireland and Poland. Sampling sites are detailed in Table 1
and the locations are shown in Figure 1. Collecting sites
mainly consisted of exploited forest parcels where larvae
were collected on stumps. In order to avoid sampling
other Curculionid species, we sampled only the late
instars of H. abietis larvae, which can be unambiguously
identified by their size and cephalic capsule character-
istics. We also collected larvae on trees fallen after storms
(Les Quatre Vios in Ardeche and Royere in Limousin,
France). Forest parcels in which we collected larvae both
on pine and spruce stumps are designated as ‘mixed’
localities because the two host plants were available at
the same time for the females laying eggs. Thus we
obtained three forest region replicates for comparing the
host-plant influence: two in France (Ardeche and
Limousin) and one in Finland. To test for the effect of
the host plant on the genetic diversity of the insects,
adults were excluded from the tests because it was not
possible to know the host plant they developed on as
larvae. Insects were immediately killed at sampling by
putting them in absolute ethanol for optimal DNA
preservation.

AFLP protocol

The protocol is known to be sensitive to contamination,
especially from bacterial or fungal DNA (Savelkoul et al,
1999), which can be abundant in the digestive system of
the insect. To avoid such contaminations, muscular tissue
was dissected and isolated from both larvae and adults.
Total DNA was extracted using the Dneasy Tissue Kit
(Qiagen) following the manufacturer’s instructions.
Genomic DNA was first digested with 2U of Tagl at
65°C for 1h, and secondly with 6 U of EcoRI at 37°C for
1h. Double-stranded Tagl and EcoRI adapters were
ligated to restriction fragments for 3h at 37°C. The
EcoRI adapters were 5'-CTCGTAGACTGCGTACC-3' and
5-AATTGGTACGCAGTCTAC-3'. The Tagl adapters were
5-GACGATGAGTCCTGAC-3" and 5-CGGTCAGGACT
CAT-3'. The preselective PCR amplification parameters
were as follows: 2min at 72°C, 30 cycles of 30s denatur-
ing at 94°C, 30s annealing at 56°C and 2 min extension at
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Table 1 Geographic location, collector name and characteristics of Hylobius abietis sites collected

Site Region-country Longitude/latitude ~ Sample size (and life stage: ‘A" Host plant (for larvae) Collector
for adults and ‘L’ for larvae) (s for spruce, p for pine)
1. Jalkala Finland 27°15'E/62°33'N 10L Spruce H Viiri
2. Kalakukkokangas Finland 27°15'E/62°43'N 73 L Mixed (355, 38p) H Viiri
3. Mooste Estonia 27°08'E/58°10'N 15 A — K Voolma
4. Celestynéw Poland 21°14'E/51°18'N 25 A —_ I Skrzecz
5. Les Quatre Vios France-Ardeche  4°13'E/44°28'N 56 L Mixed (38's, 18p) C Conord
6. Lachamp Raphaél France-Ardeche  4°18'E/44°49'N 8L Spruce C Conord
7. Mézilhac France-Ardeéche  4°21'E/44°48'N 10L Pine C Conord
8. S' Etienne de Lugdares France-Ardeche  3°57'E/44°39'N 4L Spruce C Conord
9. Annouillards France-Limousin 2°12'E/45°40'N 28 L Mixed (23, 5p) C Conord
10. Basville France-Limousin  2°24'E/45°52'N 10L Pine C Conord
11. Bellechassagne France-Limousin 2°13'E/45°39'N 7L Pine C Conord
12. Ebraly France-Limousin 2°22'E/45°34'N 29L Pine C Conord
13. Maussac France-Limousin 2°09'E/45°28'N 9L Pine C Conord
14. Pontgibaud France-Limousin  2°52'E/45°49'N 10L Pine C Conord
15. Puits de la Blanche France-Limousin 2°01'E/45°17'N 7L Spruce C Conord
16. Royere France-Limousin  1°54'E/45°49'N 5L Pine C Conord
17. Le Sen France-Landes 1°30'W/44°07'N 6L Pine C Conord
18. Pontenx France-Landes 2°52'W /44°15'N 14 L Pine C Conord
19. Callan Forest Ireland 7°37'W /52°42'N 9L Pine D Ward
20. Galway Ireland 9°03'W/53°16'N 22 A — G Lempériere
Correctly assigned to the site ]
igned to the region =
igned to the country B
Correctly Igned to the supra-region 23]
Assigned to another country ||

100km

500 km
e

Figure 1 Geographic location of the 20 sampled sites of H. abietis and results of the assignment tests. For each site, the diagrams show the
proportion of individuals according to the geographic level they were assigned to.

72°C, ending with 10min at 72°C for complete elonga-
tion, using Tagl primer T/A (5-GATGAGTCCTGACCG
AA-3') and EcoRI primer E/A (5-GACTGCGTACCAA
TTCA-3'). For the selective amplification, touchdown
PCR parameters were 10min at 95°C followed by 36
cycles of 30s denaturing at 94°C, 30s annealing and
1min extension at 72°, ending with 10 min at 72°C for

Heredity

complete extension. Annealing was initiated at 65°C
and then reduced by 0.7°C for the next 12 cycles and
maintained at 56°C for the remaining 23 cycles. Three
selective PCR primer pairs were selected over 17 tested
for the quality of the produced bands (ie an even distri-
bution of bands with relatively homogeneous intensity):
E/ATC-T/ACA, E/ATC-T/AAG and E/AGT-T/AAG.



Selective products were analysed on an ABI Prism 3100
DNA automated sequencer and AFLP patterns were
visualized with Genescan® Analysis 3.7 (Applied Bio-
system). AFLP profiles were recorded in a matrix as the
presence (1) or absence (0) of bands for each indivi-
dual. A fragment was considered as absent in a given
individual if the electrophoregram showed a peak not
higher than 10% of the size of the highest peak found
among all individuals. Fragments that could not be
scored unambiguously were not included in the analysis.
Reproducibility of each primer pair was tested by
carrying out the whole AFLP protocol twice for each
of 35 randomly chosen individuals (9.5%). Using the
methodology of Bonin et al (2004), we calculated a
reproducibility rate of 92% as the ratio between observed
number of phenotypic differences and total number
of phenotypic comparisons.

Data analysis

Independence of markers was assessed by calculating
their pairwise linkage index Djgp=1/n ) il V(A)-
V(B,i) |, where V(A,i) is the allele value of individual i
for the marker A and n, the total number of individuals
analysed. D-values were calculated using the program
DDM (disequilibrium between dominant markers) ver-
sion 0.1 (P Berthier, personal communication).

Genetic diversity within populations was quantified
using POPGENE version 1.32 (Yeh et al, 1997) in three
ways: (i) the percentage of polymorphic loci, (ii) Nei's
(1978) unbiased expected heterozygosity (Hg) and (iii)
Shannon’s index of phenotypic diversity (I, Lewontin,
1972). Values of Hg and I were obtained by averaging
across loci.

Genetic differentiation among populations and groups
was calculated as the unbiased F,; estimator 0 of Weir
and Cockerham (1984) and its 95% confidence interval,
obtained by bootstrapping 1000 replicates over loci using
TFPGA Version 1.3 (Miller, 1997). In order to test for
population differentiation, exact tests (Raymond and
Rousset, 1995) were performed with TFPGA. These tests
use a contingency table (Fisher’s RxC test) and a Markov
Chain Monte Carlo approach to determine if significant
differences in allele frequencies exist among groups of
individuals.

The genetic structure was examined by an analysis of
molecular variance (AMOVA) using the ARLEQUIN
2.011 software package (Excoffier et al, 1992; Schneider
et al, 2000). This method was used to partition the
genotypic variance among groups, among populations
within groups and within populations. The individuals
were grouped either by geographical location or by host
species (for larvae only) or both. Levels of significance
were determined through the computing of 1000 random
permutations replicates. For host-plant effect, we also
considered the Fy values that ARLEQUIN provided for
each individual locus. Loci with P<0.05 for Fy were
considered significantly differentiated (Emelianov et al,
2004).

In order to test for a correlation between genetic
distances (pairwise Fg/(1—Fs) according to Rousset
(1997) and geographical distances (in km) among popu-
lations, Mantel tests were performed using GenAlEx V5
computing 1000 permutations (Peakall and Smouse,
2001).
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Assignment tests were performed using AFLPOP 1.1,
the population allocation software based on AFLP
markers, of Duchesne and Bernatchez (2002). We used
the reallocation procedure that estimates the expected
allocation success rate for each of the source populations.
Each individual was withdrawn from its population and
allelic frequencies for this population were computed
anew (the ‘leave one out’ procedure). The likelihood
that the individual genotype was found in each of the
tested populations was calculated. Each individual was
then allocated to the population showing the highest
likelihood for the genotype.

Results

AFLP polymorphism

Using three primer combinations, we unambiguously
scored 83 polymorphic markers. The 367 genotyped
insects gave 367 different haplotypes. The mean linkage
index was 0.45. No marker pairs had D-values lower
than 0.01 or higher than 0.99, meaning that all 83 markers
were unlinked. Consequently, they were all retained for
further analyses.

High within-population genetic diversity

The percentage of polymorphic loci (P%) and the Nei
(Hg) and Shannon (I) indices within each of the 20 sites
were highly correlated (Table 2, pairwise Spearman’s
rank correlation coefficient P% wvs Hg: r,=0.650 with
P=0.002 and I vs Hg: r¢=0.959 I vs P%: r,=0.813 both
with P<0.0001). The percentage of polymorphic loci was
the only diversity index to be significantly positively
correlated to the sample size (Spearman’s rank corre-
lation coefficient r,=0.672 P=0.001). The three within-
population diversity indices did not significantly differ
across French regions and other European countries
(Global Kruskal-Wallis test P=0.136). More precisely,
diversity in isolated populations such as Ireland and
Landes (France) was not significantly lower than in other
regions. Similar tests showed no significant differences
for the three indices among groups of individuals
associated with different hosts, between insects at single-
host and mixed-host sites or between adults and larvae.

Low among-population differentiation

Nei's unbiased genetic distance ranged from 0.0039
between populations 11 and 12 to 0.0935 between popu-
lations 1 and 14 (Table 3). Pairwise exact tests of popu-
lation differentiation indicate that there are no significant
genetic differences among French sites. Finnish and Irish
sites were differentiated from nearly all the other sites,
whereas the Estonian site did not significantly differ
from the Polish site or from several French sites.

The global Theta value among countries was 0.03 (95%
confidence interval (CI) 0.023-0.049) and it was 0.07 (95%
CI 0.057-0.085) among the 20 sites, indicating weak
among-population differentiation. In France, the global
Theta among sites and among regions (Ardeche, Landes,
Limousin) was 0.05 (95% CI 0.042-0.070) and 0.03 (95%
CI 0.016-0.053), respectively.

At the European scale, the major part of genetic vari-
ation was found within countries (94.46%), with only
5.54% of variation among countries (Table 4, al). Exact
tests showed a strong genetic differentiation in all
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Table 2 Within-population genetic diversity indices of the 20 sites studied

Country Region Site Number of Percentage of Nei’s diversity Shannon index (I)
polymorphic loci polymorphic loci (P%) index (Hg)
Finland — Jalkala 62 74.70% 0.201 (0.170) 0.318 (0.240)
— Kalakukkokangas 81 97.59% 0.278 (0.147) 0.434 (0.186)
T: 82 M: 86.14% (11.44%) M: 0.239 (0.038) M: 0.376 (0.058)
Estonia T: 74 89.16% 0.289 0.439
Pologne T: 83 100% 0.288 (0.133) 0.450 (0.166)
France Ardeche Les Quatre Vios 83 100% 0.285 (0.142) 0.445 (0.178)
Lachamp Raphaél 77 92.77% 0.293 (0.157) 0.448 (0.206)
Mézilhac 72 86.75% 0.266 (0.168) 0.409 (0.226)
S Etienne de Lugdares 65 78.31% 0.288 (0.182) 0.429 (0.253)
t: 83 m: 91.32% (8.0%) m: 0.283 (0.010) m: 0.432 (0.015)
Landes Le Sen 66 79.52% 0.268 (0.177) 0.406 (0.246)
Pontenx 72 86.75% 0.274 (0.171) 0.418 (0.231)
t: 79 m: 83.13% (3.61%) m: 0.271 (0.003) m: 0.412 (0.006)
Limousin Annouillards 80 96.39% 0.280 (0.145) 0.436 (0.184)
Basville 69 83.13% 0.261 (0.170) 0.401 (0.233)
Bellechassagne 70 84.34% 0.261 (0.159) 0.404 (0.220)
Ebraly 82 98.80% 0.268 (0.140) 0.423 (0.179)
Maussac 80 96.39% 0.290 (0.148) 0.448 (0.190)
Pontgibaud 65 78.31% 0.272 (0.190) 0.407 (0.262)
Puits de la Blanche 67 80.72% 0.256 (0.177) 0.392 (0.243)
Royere 63 75.90% 0.260 (0.182) 0.393 (0.254)
t: 83 m: 86.75% (8.48%) m: 0.268 (0.011) m: 0.413 (0.019)
T: 83 M: 87.00% (8.06%) M: 0.273 (0.012) M: 0.418 (0.019)
Ireland — Callan 69 83.13% 0.254 (0.183) 0.388 (0.252)
— Galway 51 61.45% 0.196 (0.194) 0.298 (0.275)
T:76 M: 72.29% (10.84%) M: 0.225 (0.029) 0.343 (0.045)

Total (T) or mean (M) values for the different scales (uppercase for countries; lowercase for regions). Standard deviations in parentheses.

pairwise comparisons of the five countries (P <0.0001),
except for Estonia and Poland, which were not signifi-
cantly different (P=0.1030). At the regional scale in
France, the genetic variation was principally found
within sites in regions 93.12 versus 2.93% among regions
(Table 4, a2). When Ardeéche and Limousin regions were
analysed separately, the greatest part of genetic variation
was found within sites rather than among sites and
the differentiation across the sites was much lower in
Ardeche (Table 4, a2.1 and a2.2). Exact test indicated
a clear genetic differentiation among the three French
regions (P <0.0001).

Performing a hierarchical AMOVA allowed to simul-
taneously test for the effect of the geography and host
plant on genetic differentiation. We defined three
geographical groups containing nonsignificantly differ-
entiated sites according to the exact test (Table 3). We
retained all sites in Ardeche, but excluded site 14 in
Limousin and site 1 in Finland. Each group was
partitioned into two subgroups corresponding to pools
of larvae collected on pine and spruce. Sample sizes were
28, 75 and 38 on pine, and 50, 30 and 35 on spruce,
respectively. Most of the genetic variation (corrected
for sample size) was found within host-plant groups
(94.34%); the genetic variation between geographic
groups was weak (4.53%), whereas that between host
plants within the geographical groups was significant
but low (1.13%) (Table 4b). When each geographic region
was considered separately, the AMOVA revealed low but
significant genetic variation between larvae collected on
pine and those collected on spruce: 1.16 and 1.75%,
respectively, for Ardeche and Limousin (P <0.01), but no
significant variation between host-plants for the mixed
site in Finland (not shown). Testing the reciprocal hierar-
chical grouping (ie two groups based on the host-plant
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type, each containing three geographical subgroups)
revealed a comparable amount of genetic variation
explained by the geographic structure (6.1% P <0.0000).
However, in this case, the host-plant grouping did not
significantly structure the observed genetic variation
(—1.49% P = 0.68). Significant divergence between spruce
and pine pools of larvae was found for five loci (among
83) in Ardeche and nine loci in Limousin. Averaged Fq;
for those outlier loci across host-plant groups was
comparable for the two regions: 0.15 and 0.13, respec-
tively. Ardeche and Limousin shared one outlier locus
responsible for 13 and 12.5% of variation, respectively, in
each region.

Genetic vs geographical structure

The overall Mantel test based on the 20 sites showed
a marginally significant positive correlation between
geographic and genetic distances (r=0.3909; P =0.016).
In France, there was no correlation when considering the
14 localities (r=0.251; P=0.125), but a positive signi-
ficant correlation was found at the regional scale in
Limousin (r=0.642; P =0.013).

Assignment tests

Individuals were grouped by geographic level of assign-
ment (Figure 1). For Estonia, Finland and Poland, the
dotted pattern indicates the proportion of individuals
that were not assigned to their country of origin but to
one of the two others (they were grouped in a north-
eastern ‘supra-region’ in the analysis). In France, the
mean percentage of correct assignment (in white) to
localities was low (21%), but the mean proportion of
individuals assigned outside France (in black) was also
weak (16%). Most individuals were correctly assigned
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Table 3 Pairwise Nei's unbiased genetic distance among populations of European pine weevils and exact tests of population differentiation

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
2 0.0239 —
%%
3 0.0465  0.0083 e
HXH *
4 0.0324 0.0063 0.0113 —
Hk Hk NS
5 0.0299 0.0104 0.0143  0.0057 —
Ex E Bt H3%%
6 0.0609 0.0238 0.0171 0.0088  0.008 —
** NS NS NS NS
7 0.0424 0.015 0.0108  0.008 0.0078  0.0139 —
* ** NS NS NS NS
8 0.0514 0.0195 0.0145 0.0077 0.0094 0.0084 0.0103 —
orE wEE NS NS NS NS NS
9 0.0377  0.0202 0.0192 0.0136 0.0076 0.0113  0.0100 0.0118 —
%% %% %% H%% HAX NS NS NS
10 0.0538 0.0301 0.0246 0.024 0.0241 0.0258 0.0226  0.0262  0.0173 —
*% HXH % Ead AAX NS NS NS Ns
11 0.0216 0.0092 0.0226  0.005 0.007 0.0218 0.0139  0.0204 0.0107  0.0222 —
NS NS NS NS NS NS NS NS NS NS
12 0.0257 0.0155 0.02 0.0101  0.0085 0.0148 0.0124 0.0214 0.0058 0.0154  0.0039 —
H4% 4% B Bt bzl NS NS s *% NS NS
13 0.0378 0.016 0.0159 0.0116  0.0089 0.0104 0.0078 0.0152  0.005 0.0137  0.0061  0.0067 —
X% X% % %% HAX NS NS NS NS NS NS NS
14 0.0935 0.0574 0.0426 0.0504 0.0475 0.0434 0.0365 0.0410 0.0344 0.0499 0.0417 0.0413 0.0363 —
Hk Hk b % b NS NS *3% b NS * Hk b
15 0.0496 0.0267 0.0263 0.0199 0.013 0.0182 0.0132 0.0308 0.0134 0.0208 0.0219 0.0119 0.0119  0.0485 —
** ** NS NS NS NS NS NS NS NS NS NS NS *
16 0.0501 0.0212 0.0153 0.022 0.0198 0.0192 0.0141 0.0275 0.0156 0.0194 0.0139 0.0175 0.0161 0.0257  0.0286 —
NS NS NS NS NS NS NS NS NS NS NS NS NS NS NS
17 0.0541 0.0361 0.0277 0.0342 0.0273 0.0348 0.0322 0.0258 0.0292 0.0402 0.0342 0.0351 0.0303 0.0542 0.0406  0.0267 —
** xEE NS NS NS NS NS NS NS NS NS NS NS NS NS NS
18 0.0571 0.0284 0.0162 0.0276 0.0205 0.0328 0.0189 0.0244 0.0224 0.0332 0.0296 0.0257 0.0206 0.0368 0.0239 0.0213  0.0128 —
Hk b 3% % Ex NS NS *3% b b * Hk b 4K NS NS NS
19 0.0297 0.0231 0.0381 0.019 0.018 0.0457  0.0376  0.038 0.0339 0.0418 0.0126 0.0217 0.0308 0.0857 0.0357 0.0466 0.0555 0.0441 —
NS HX% H3%% H%% bzl NS bz % H4% 4% NS H%% bzl bz bz *3% 4% 4%
20 0.053 0.0195 0.0178 0.0136  0.0192 0.0265 0.019 0.0175 0.0244 0.0437 0.021 0.0251 0.0243 0.0426  0.0348 0.0224 0.0371 0.0259 0.0319 —
X% X% %% %% HAX NS AN s X% X% %% X% b AN HAX * X% X% X%

Populations numbered as in Figure 1. Pairwise comparisons within regions are in italic.

Significance levels of exact tests of differentiation are shown as follows: NS: nonsignificant; *0.01 <P <0.05; **0.001 <P <0.01; ***P <0.001.
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Table 4 Analysis of molecular variance (AMOVA) of Hylobius abietis populations using 83 AFLP loci

Source of variation af. Sum of squares Variance % total  statistics P
(a) Geographical grouping
(al) European Scale
Among countries 4 261.747 0.909 5.54
Within countries 362 5615.038 15.511 94.46
Total 366 5876.785 16.420 Pgr=0.0554 <0.0001
(a2) Regional scale in France
Among regions 2 117.805 0.477 2.93 @1 =0.0293 0.0009
Among sites within regions 11 255.791 0.641 3.94 g = 0.0406 <0.0001
Within site 199 3015.681 15.154 93.13
Total 212 3389.277 16.298 Pgr=0.0687 <0.0001
(a2.1) Ardéche
Among sites 3 57.003 0.301 1.91
Within site 74 1142.343 15.437 98.09
Total 77 1199.346 15.738 P51 =0.0191 0.0117
(a2.2) Limousin
Among sites 7 185.431 0.843 5.30
Within site 107 1611.195 15.057 94.70
Total 114 1796.626 15.900 Ps1=0.0530 <0.0001
(b) Hierarchical grouping: geographical — host plant
Among geographical groups® 2 171.028 0.734 4.53 Pcr=0.0453 <0.0001
Among host-plant groups within regions 3 67.029 0.183 113 &g =0.0118 <0.0001
Within host-plant group 270 3824.416 15.298 94.34
Total 275 4062.473 16.215 P =0.0566 <0.0001

AArdeche, Limousin and Finland.

The source of variation was tested using three scales of geographic partitioning (European, regional and local) and according to the larvae’s

host plant.

df, degrees of freedom; P, probability of obtaining a more extreme component estimate by chance alone (1000 permutations).

to one of the sites in the same forest region (in grey, 43%).
In general, Irish individuals were correctly allocated to
their own site and none of them was allocated to the
other Irish site.

Discussion

Within-population diversity

Whatever the geographic level considered, most of the
genetic diversity was found within populations of the
large pine weevil. A similar pattern (with 82-86% of
variation within populations) was found using mito-
chondrial sequences in the Scolytid Tomicus piniperda
L. (Kerdelhué et al, 2002). Similarly, RAPD analysis of
the common pine sawfly Diprion pini L. also indicated
that on average 84% of the genetic diversity comprised
intrapopulation variation (Baumann et al, 2003). Compar-
able large proportions of genetic variation within popu-
lations have been found in insect species with recent
range expansion, and may be due to the increased
availability of a cultivated host: for example, the boll-
weevil (Anthonomus grandis Boheman), which took
advantage of the extensive culture of cotton in North
America (Kim and Sappington, 2004).

H. abietis was first described as a forest pest at the early
beginning of the 19th century (Leather et al, 1999).
Extensive conifer plantations in Western Europe go back
to the two last centuries (Agnoletti and Anderson, 2000).
The host plant’s expansion of geographic range together
with the modern harvesting techniques used in forests
boosted the population dynamics of H. abietis. Indeed,
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recent estimates of H. abietis larval population size
ranged from 46400 to 170825 individuals per hectare in
clearcut sites (Day et al, 2004). Such large populations
would appear to be unlikely to loose alleles through
genetic drift and our results support the supposition that
they do not undergo drastic size reduction. They do not
appear to be driven by a severe outbreak regime. Even
apparently isolated sites (two sites from Ireland and two
sites from the Landes forest in France) did not exhibit the
reduced diversity that would be expected if substantial
genetic drift was occurring.

Among-population dispersal

The overall F; estimate (0 =0.03) was weak, and may
reflect high migration rates across populations. However,
we did not attempt to estimate migration rates from
observed F; because Hylobius populations are unlikely to
be at demographic equilibrium, especially in managed
forests. Such weak spatial genetic structuring has been
reported for highly migratory insect species like the grain
aphid Sitobion avenae (Llewellyn et al, 2003).

The assignment tests failed to accurately allocate
individuals to their sampling site, but they were correctly
allocated to their forest region. Accordingly, the propor-
tion of genetic diversity revealed by the AMOVA was
higher across regions than among the sites and most of
pairwise comparisons among sites were nonsignificant
within regions. The regional scale therefore seems to be
a more coherent geographic level for genetically homo-
geneous unit definition in H. abietis. The Estonia-
Finland-Poland group demonstrates that there is a



geographic coherence in assignments as the majority of
the outside-allocated individuals were allocated to one of
those three eastern countries.

Comparative studies of population structure in phyto-
phagous insects have shown that genetic structure is
mostly determined by the vagility of the species
(Peterson and Denno, 1998). The very low genetic
variation observed among H. abietis populations is likely
to reflect its high dispersal ability, which has been
observed in nongenetic studies (Solbreck, 1980; Nilssen,
1984). Using an indirect method (ie Mills experiments),
Solbreck (1980) estimated that female weevils might
disperse as far as 80 km during the entire flight season.
This interpretation was supported by the results of
Nilssen (1984), who found many H. abietis larvae
developing on trap-logs set out at more than 80 km from
the nearest coniferous forest in Finland. However, our
study provides the first indication of wider dispersal
behaviour in H. abietis, given the wide geographic range
surveyed. In the Limousin region, the isolation-
by-distance pattern indicated that adults tend to move
preferentially between neighbouring sites. However,
the low Fg observed between Landes, Limousin and
Ardeche, and the lack of isolation-by-distance at the
scale of France suggests that adults may be able to
disperse up to 300 km.

This high dispersal ability in H. abietis might result
from an adaptation to the patchy and ephemeral breed-
ing resource in unmanaged forests. Although H. abietis
exploits woody plants for breeding, the conifer stumps
are only suitable for egg laying during a given time-
window which varies with the tree species (von Sydow
and Birgersson, 1997). It has been shown that evolution
may increase dispersal ability in insects for which
availability of suitable breeding habitat is unpredictable
in space or time (Roff, 1994; Gandon et al, 1998). These
theoretical studies are supported by several observations
in forest insects (Eidmann, 1985). For example, longhorn
beetles developing on decaying host plants exhibit
higher dispersal ability than taxonomically close species
developing on living host plants (see the review on
Cerambycid beetles by Hanks, 1999). High dispersal
ability was also shown by genetic analysis in Ips typo-
graphus, a bark beetle attacking weakened trees (Stauffer
et al, 1999). Thus, habitat persistence may influence gene
flow through its effect on the evolution of dispersal
behaviour (Roderick, 1996). Our study supports this
hypothesis in H. abietis.

Furthermore, H. abietis adults can live up to 4 years
(Day et al, 2004), which increases the potential distance
that a weevil can cover during its life. Moreover, as
compared to larvae, adults are relatively polyphagous:
they were shown to be able to feed in the crown of
mature trees in the absence of young conifer seedlings
(Orlander and Karlsson, 2000). This feeding plasticity
reduces the potential barriers to weevil dispersal. For the
adults, the forest landscape certainly appears ‘fine-
grained’” for feeding, although it can appear ‘coarse-
grained’ for egg laying.

The role of the host plant

This study suggests that the host plant does not consti-
tute a strong barrier to gene flow in H. abietis. Although a
host-plant effect was found in two of the three tested
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forest regions, the reciprocal hierarchical AMOVA
showed that geography plays a stronger role in differen-
tiating populations than the host plant over this geo-
graphic range. The amount of genetic variation due to
host plant is very low and does not suggest host-plant-
associated selection.

The larvae sampled on the two alternate host plants
are genetically differentiated at 5-9 loci. The few genetic
differences observed across host-plant larval pools may
be due to within-generation selection, rather than stable
genetic differences between host-associated populations.
High admixture among adults might be the re-homo-
genise diverging pools. Alternatively, these differences
may reflect the early stages of host-specialisation process
occurring in some geographical locations (France) but
not in others (Finland). Such geographical variation in
the pattern of adaptation to the host plant is predicted by
the geographic mosaic theory of coevolution, which
states that the form of selection between interacting
species varies across a landscape with coevolution being
important and active in some locations (ie, coevolution-
ary hotspots) but not in others (ie, coevolutionary
coldspots, Thompson, 2005). Very few AFLP studies to
detect the loci involved in adaptation in wild populations
have been conducted so far. In their study on 306 AFLP
markers in intertidal snails, Wilding et al (2001) identified
15 outliers (4.9 %) linked to different morphological
types, and Campbell and Bernatchez (2004) found 14
outliers out of 440 AFLP markers (3.2%) in the whitefish
linked to trophic specialization. In the present study, we
found 5-9 atypical loci out of 83 markers (6.0-10.8 %) in
only two out of three geographical regions. Although our
study suggests that few genes may be underlying
processes of local adaptation, it is possible that increas-
ing the number of markers could reveal more outlier loci
linked to host-plant specialisation.

Given the limited evidence for genetic differentiation
across host plants, is this weevil likely to evolve host
races? Factors favouring host-race formation include host
fidelity and correlation between host choice and mate
choice (Dres and Mallet, 2002). Although H. abietis has
been extensively studied to assess whether it is attracted
to different synthetic chemicals (reviewed by Schlyter,
2004), its precise mating behaviour in the field is largely
unknown. To date, no study has directly tested for host
fidelity or assortative mating. In other phytophagous
insects, a phenological shift in host-plant availability has
been shown to promote divergence of host-associated
pools of insects, notably the apple maggot fly, Rhagoletis
pomonella (Feder et al, 1993) and the European corn borer,
Ostrinia nubilalis (Thomas et al, 2003). The monitoring of
chemical and physiological properties of Norway spruce
and Scots pine stumps showed that the pine becomes
suitable as a breeding substrate earlier than the spruce
(von Sydow and Birgersson, 1997). By contrast, the
length of the pre-oviposition period was shown to be
shorter when females are fed on Norway spruce rather
than on Scot pine (Wainhouse et al, 2001). Therefore, the
phenological delay in host availability (pine first, then
spruce) is counterbalanced by the opposite phenological
delay in female maturity (spruce first, then pine),
precluding a divergence based on phenological delay.
Mating in H. abietis does not take place immediately after
emergence on the host-plant stump, as adult feeding
on conifer transplants or on twigs of mature trees is
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required for sexual maturation of weevils (Wainhouse,
2001). As males and females are often found around the
stumps during the reproductive period, mating may also
take place while the adults feed on conifer seedlings of
different tree species. Indeed, adults’ feeding choice is
less specific than that of larvae; hence a strong correlation
between host choice and mate choice is unlikely.

Our study has shown that the current pattern of AFLP
genetic diversity in H. abietis populations from managed
European forests was strongly influenced, both by
sylvicultural practices (expansion of coniferous forests
outside their natural range, clear felling and planting)
and by the biological characteristics of this insect. It was
originally adapted to a scarce and relatively ephemeral
breeding resource. Plasticity in life-history traits, long-
evity and polyphagy of H. abietis adults enhance their
‘gap-crossing ability” (sensu Tscharntke and Brandl, 2004)
and their harmfulness for the European forestry. Large-
scale adult migration is likely to prevent local adaptation,
preventing the formation of two host-races. The weak
genetic structure observed throughout Europe suggests
that an efficient biological control agent could be used
widely.
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