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Abstract
Spatial genetic analyses can be used to infer dispersal processes in natural populations. For
partially clonal species with alternating sexual and asexual reproduction, the repetition of
genotypes must be taken into account in analyses. The methods currently employed to
evaluate the relevance of the spatial scale used for the estimation of gene flow are not suitable
for these species. We investigated recently developed methods for taking into account
repeated genotypes and for determining whether the sampling scale is large enough to capture
all the spatial genetic structure existing within a population. We applied these methods to
a fungal plant pathogen species, Cryphonectria parasitica, which has caused the death of
many American and European chestnut trees since its introduction from Asia at the beginning
of the 20th century. These methods were found to be useful for unravelling the effects of
clonality and historical gene flow on the spatial genetic structure, and indicated that dispersal
processes have probably occurred over a larger spatial scale than previously assumed.
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Introduction
Estimates of gene dispersal are essential if we are to
understand local adaptation and speciation in natural
populations (Slatkin 1985). If gene dispersal decreases with
spatial distance, then, in the absence of selection, the genetic
similarity between pairs of individuals should decrease
with geographical distance [the isolation by distance (IBD)
model; Wright 1943]. Spatial autocorrelation methods are
useful approaches to testing whether dispersal of this type
occurs in natural populations (e.g. Hardy & Vekemans 1999;
Smouse & Peakall 1999). Under the hypothesis of drift–
dispersal equilibrium, historical gene flow can be inferred
from this method, provided that data are collected at the
relevant spatial scale (Rousset 1997; Rousset 2000). This
approach has been successfully applied to various plant
species (see Vekemans & Hardy 2004 for a review), providing
estimates of gene dispersal distances consistent with
direct estimates of propagule dispersal (e.g. Hardy et al. 2006).
These methods have been used less frequently for partially
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clonal organisms, which alternate sexual and asexual
reproduction during their life cycle (see Arnaud-Haond
et al. 2007 for a review). For these organisms, the effect of
repeated genotypes on spatial genetic structure (SGS) must
be specifically considered for correct inference of historical
gene flow.
Several methods have been proposed for separating out
the respective contributions to SGS of the spatial distribution
of clones and genotype relatedness (see for example
Hämmerli & Reusch 2003). Retaining one isolate per
genotype may be a useful method for assessing the spatial
distance over which clonal repetitions affect SGS (i.e. the
average clonal subrange; Alberto et al. 2005). Furthermore,
removal of the effects of clonal structure in this way makes
it possible to infer historical gene flow correctly (Reusch
et al. 1999; Alberto et al. 2005). However, the spatial location
of the single copy per genotype is critical and may bias the
spatial genetic analysis (Wagner et al. 2005). For example,
use of the central position of each clonal subrange may
be associated with unrealistic biological assumptions (e.g.
isotropic dispersion), whereas the choice of a random location
may generate a large variance on estimates when clones are
widely dispersed throughout the population.
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Spatial genetic analyses also aim to determine whether
the relevant spatial scale has been investigated. Rousset
(1997) showed that estimates of gene flow based on the
slope of the regression line of the genetic correlogram were
correct only if the distances separating individuals were
between about σ (the square root of the second moment of
parent–progeny axial distance, Rousset 1997) and 20 σ.
Outside this spatial scale, the inference of gene flow may be
severely biased. For situations in which σ is not known,
Vekemans & Hardy (2004) developed an iterative procedure
for estimating the correct spatial range over which this
regression should be carried out, provided that population
effective density is known. However, for partially clonal
organisms, it is difficult to estimate population effective
density (Yonezawa et al. 2004).
Wagner et al. (2005) developed new methods providing
a better description of SGS, for inferring gene flow for these
species. They took repeated genotypes into account without
arbitrarily focusing on a single spatial location, by developing a weighting procedure retaining the spatial positions of
all individuals but applying a weighting to each genotype
inversely proportional to its frequency. This method is
potentially useful, but has been used only sporadically
to date (but see Werth et al. 2006). Wagner et al. (2005) also
introduced variograms as a tool for investigating SGS
within populations, and as a useful alternative to correlogram analysis. Variograms are structure functions similar
to correlograms but expressing the strength of spatial autocorrelation. Unlike correlograms, empirical (i.e. observed)
variograms are used to fit a theoretical model, the parameters
of which express different aspects of the spatial pattern
studied (Goovaerts 1997). Interestingly, Wagner et al. (2005)
highlighted the relationships between these model parameters and gene flow. They also showed that variograms
were more efficient than correlograms for estimating
the distance at which the genetic similarity between two
individuals becomes independent (i.e. the range of the
variogram). This distance cannot be accurately defined
with correlograms because it depends on the sampling
scheme (Vekemans & Hardy 2004). We made use of both
correlogram and variogram analyses in this study and
compared the utility of these two approaches for inferring
dispersal processes for a fungal species pathogenic on plants.
Many fungal plant pathogens display an alternation of
sexual and asexual reproduction, but the spatial genetic
structure of only a few such species has been investigated
at the population level (Arnaud-Haond et al. 2007). However,
these species deserve greater attention because they may
constitute an important component of natural and cultivated
ecosystems and may cause considerable economic loss
(Pimentel et al. 2001; Gilbert 2002).
Cryphonectria parasitica (Murril) Barr, the chestnut blight
fungus, is a typical plant pathogen species with a major
impact on forest ecosystems and chestnut orchards. This

species was introduced into North America and Europe
from Asia at the beginning of the 20th century and has
greatly changed the composition of the forest flora, particularly in North America, where it almost caused the extinction
of the American chestnut (Castanea dentata; Anagnostakis
1987). C. parasitica grows into the bark up to the cambium,
causing typical diffuse cankers and the death of the distal
part of the trunk or branches. Its life cycle includes asexual
and sexual stages with different dispersal mechanisms.
The asexually produced pycnidiospores are thought to be
dispersed over short distances (to the same or a neighbouring tree) through water splash and, possibly, over longer
distances with the assistance of animal vectors (Russin
et al. 1984). The sexual spores — ascopores — are formed in
perithecia, the sexual bodies. Once mature, they are ejected
forcibly into the air and dispersed over a few hundred
metres by the wind (Heald et al. 1915). C. parasitica is a
heterothallic ascomycete. Thus, sexual reproduction can
occur only between two haploid mycelia of different mating
types. However, detailed genetic analyses have shown that
some crosses nonetheless occur between identical haploid
mycelia (i.e. clones) because mycelia may have nuclei differing only at their mating type locus (McGuire et al. 2004).
This kind of mating has been referred to as ‘selfing’ (Marra
et al. 2004; McGuire et al. 2004), but we prefer to use the
term ‘intrahaploid mating’, to distinguish this process
from typical selfing, in which gametes from the same diploid
individual fuse (see Giraud et al. 2008 for a detailed discussion
of terms). This particular kind of intrahaploid mating
facilitates the dispersal of a given identical haploid genotype
via sexual spores in C. parasitica.
Milgroom & Lipari (1995) analysed the SGS within five
American populations, using fingerprints and restriction
fragment length polymorphism markers, and allele shared
distance methods. They found an aggregation of identical
genotypes at distances of a few metres (the same or neighbouring trees), consistent with limited asexual dispersal.
However, it remained unclear whether IBD occurred over
a larger scale in these American populations. An absence of
drift–dispersal equilibrium might account for this result,
although the small size of the sampling window (a few tens
of metres) and/or the limited number of samplings of individuals may have made it difficult to detect significant IBD.
A larger sampling scheme, with isolates separated by
several hundreds of metres, is required to test these hypotheses. At this spatial scale, using the methods developed by
Vekemans & Hardy (2004) and Wagner et al. (2005), we
were able to describe in detail the SGS and the relationships
between genetic similarity and spatial distance. In Europe,
this pathogen spread more slowly and caused less severe
epidemics than in North America, partly because of the
occurrence of a mycovirus (Cryphonectria hypovirus 1, CHV-1,
Heiniger & Rigling 1994). This double-stranded RNA virus
affects the reproductive biology of the fungus, causing a
© 2008 The Authors
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Fig. 1 Location and distribution of sampled
Cryphonectria parasitica isolates and of the
four most repeated multilocus genotypes in
the French population studied. The greyscale
level gives the estimated degree of genetic
similarity of isolates (in number of shared
alleles) to the most dominant multilocus
genotype (H75) obtained by a kriging
procedure (see text for details). The white
area indicates an absence of sampling due
to the recent logging of a chestnut plot.

loss of female fertility, and the attenuation of virulence
(Nuss 2005). Most European chestnut populations (C. sativa)
which are not located at the epidemic front, harbour the
virus-infected fungus (Heiniger & Rigling 1994; Robin &
Heiniger 2001). The frequency of clonal reproduction may
therefore be generally higher in Europe, resulting in a more
marked SGS, as suggested in a previous study (Bissegger
et al. 1997).
We addressed three questions for a C. parasitica population
sampled in southern France, which may be considered
a study case for other partially clonal organisms: (i) Can
correlogram and variogram analyses disentangle the effects
of clonal distribution and gene flow on SGS? (ii) Can an
IBD pattern be detected once the effect of repeated genotypes
has been eliminated? (iii) Can we assess the relevance of
the spatial range investigated for the inference of dispersal
processes?

Materials and methods
Sampling strategy
We studied a population of Cryphonectria parasitica collected
from the Dordogne (France), a geographical area in which
Castanea sativa forests cover several hundred hectares as
fragmented coppice stands. The survey plot (44°40’32’’N,
01°02’16’’E) showed two continuous large patches of C.
© 2008 The Authors
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sativa separated by a recently logged area formerly planted
with chestnut (Fig. 1). The age of the stand was not precisely
known, but had been estimated at more than 20 years
(F. Dercq, personal communication). Cankers caused by
C. parasitica were randomly distributed within the stand
(personal observation). However, we chose to use a hierarchical sampling scheme to capture spatial genetic structure
over scales of a few metres or of hundreds of metres. Fiftynine clusters separated by between 25 and 600 m were
located within the study plot. (Fig. 1). In each of these
clusters, five trees with at least one canker at human head
height separated by 5 to 20 m were selected, and one canker
per tree was marked for further analyses. Different sprout
clusters were sampled for each canker.
In February 2005, four bark samples per selected canker
were removed with a cork borer (8 mm diameter) from the
active canker area. Mass isolation was carried out as
described by Robin et al. (2000) on PDA (potato dextrose
agar medium, Difco Laboratories) plates in the laboratory.
For each canker collected, we chose one of the four mycelia
obtained at random for subsequent genetic analysis. After
the transfer of the studied isolates onto fresh plates, we
recorded the culture morphology of all the isolates studied
after 4 days in the dark at 25 °C and 4 days in the light at
room temperature as ‘white’ (W, no pigmentation and few
or no asexual spores) or ‘orange’ (O, orange mycelium and
abundant sporulation). The white phenotype of C. parasitica
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is associated with CHV-1 infection (Nuss 1992) and is used
to identify hypovirulent isolates. We explored the spatial
structure of Cryphonectria hypovirus infections using a
variogram calculated on binary data (i.e. presence/absence).
We calculated 95% confidence envelopes for empirical
variograms by permutation of the data values on the spatial
locations (999 permutations) using the r package geoR
(Ribeiro & Diggle 2001). The strains used for this study are
maintained in the INRA (Institut National de la Recherche
Agronomique, Bordeaux) collection.
Finally, we looked for sexual structures (perithecia) of C.
parasitica in a subsample of 90 cankers evenly distributed in
the studied site in April 2007. Bark samples (2 × 2 cm) were
then removed in all of the cankers carrying visible stromata
(mycelial structures in which asexual and sexual spores are
formed). These samples were examined under a dissecting
microscope to confirm the presence of perithecia in the
cankers.

DNA extraction and genotyping of isolates
Total DNA was extracted from lyophilized mycelium
obtained from cultures on PDA plates overlaid with cellophane and ground to a fine powder, as described by
Hoegger et al. (2000). DNA was extracted with a slightly
modified version of the procedure described by Breuillin
et al. (2006), in which the extraction buffer was replaced by
a buffer containing sodium dodecyl sulphate (SDS), as
described by Milgroom et al. (1992).
Isolates were genotyped based on 10 microsatellite loci
from the C. parasitica genome: I07-650 (Davis et al. 2005),
CPE1, CPE3, CPE4, CPE5, CPE8, CPG3, CPG4 (Breuillin
et al. 2006), CPG6 and CPG14 (Kubisiak et al. 2007). Several
loci were amplified in the same polymerase chain reaction
(PCR): CPE1, CPE8 and CPG3 (PCR1), CPE4 and CPE5
(PCR2), CPG4 and CPE3 (PCR3), CPG6, CPG14 and I07–650
(PCR4). Amplification was carried out in a total volume
of 15 μL, containing 2 μL of genomic DNA, 1× PCR buffer
[160 mm (NH4)2SO4, 670 mm Tris-HCl (pH 8.8 at 25 °C),
0.1% Tween-20], 5 μm dNTPs (each 1.25 μm), 2.5 mm MgCl2,
2 μm of each of the six (or four) primers and 0.5 U SilverStar
Taq polymerase (Eurogentec). PCR1 and PCR2 involved
heating at 94 °C for 4 min, followed by 32 cycles of 94 °C for
45 s, 55 °C for 45 s and 72 °C for 1 min and a final extension
phase at 72 °C for 7 min. PCR3 and PCR4 involved heating
at 94 °C for 3 min, followed by 10 cycles of 94 °C for 45 s,
an annealing temperature decreasing from 60 °C to 55 °C
(0.5 °C decrease per cycle) for 45 s, and 72 °C for 1 min,
followed by 25 cycles of 94 °C for 45 s, 55 °C for 45 s and
72 °C for 1 min and a final extension phase at 72 °C for 7 min.
PCR products were sized on a CEQ8000 sequencer (Beckman
Coulter Inc., 2002), using an internal size standard (DNA
Size Standard Kit –400, Beckman Coulter) and fluorescent
labels at the 5′ end of the forward primers (CPE1, CPE4,

CPG4 and CPG6: green-HEX; CPE8, CPG3, I07-650 and
CPE3: blue-FAM; CPE5 and CPG14: black-NED). PCR
products were purified according to the manufacturer’s
protocol, and PCR1 and PCR2 were mixed together (0.8
and 2 μL of purified product, respectively) and sized on
the sequencer. PCR3 and PCR4 were mixed in the same
proportions as PCR1 and PCR2 and sized in a second run
on the sequencer.
Mating type was determined for a randomly chosen
subsample of the studied isolates (155 of the 276 genotyped
isolates) by PCR (McGuire et al. 2004). The M1-GS3-rev and
M1GS1n primers were used to amplify MAT-1 and primers
gsl-d-l and M2-GS3 were used to amplify MAT-2. PCR was
carried out under the conditions described in a previous
study (Marra & Milgroom 2001).

Data analysis
Genetic diversity was initially characterized by assessing
allelic diversity and its two components: allelic richness
(mean number of alleles per locus) and gene diversity
index (HE; Nei 1987). Population genetic diversity was also
estimated by genotypic richness (the observed number of
different genotypes; gobs) in the sample, and the maximum
number of different genotypes as a function of the number
of alleles (gmax = ∏ li =1ai ; with ai the observed number of
alleles for the ith locus). We assessed whether random
sexual reproduction occurred by estimating the index of
multilocus linkage disequilibrium (rd) implemented in
MultiLocus version 2.1 (Agapow & Burt 2001). This index
is based on the index of association (IA) defined by Brown
et al. (1980), modified to remove dependence on the number
of loci (Agapow & Burt 2001). IA was originally used to
test for random recombination between pairs of loci by
comparing the observed and expected variance (assuming
random recombination between individuals) of genetic
distance between all pairs of individuals (Maynard Smith
et al. 1993). Departure from the null hypothesis (no linkage
disequilibrium; rd = 0) was assessed by permuting alleles
between individuals independently for each locus (1000
permutations), using MultiLocus version 2.1 (Agapow &
Burt 2001).
The probability that a haploid multilocus genotype (MLG)
was obtained by chance through a sexual event (Pgen) was
calculated as described by Wang et al. (1997). We also
estimated the probability of the second occurrence of each
MLG observed at least twice in the population studied,
assuming that the isolates with the same MLG were derived
from different random sexual reproductive events (Psex).
Pgen and Psex were estimated using GenClone version 2.0
(Arnaud-Haond & Belkhir 2007). Finally, the genetic
distance for each MLG was calculated as the number of
alleles common to the MLG considered and the two most
frequent MLGs observed in the population.
© 2008 The Authors
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We investigated SGS with both correlograms and variograms. Both methods are based on estimates of a coefficient
measuring the degree to which individuals are similar
(correlogram for the kinship coefficient, Vekemans & Hardy
2004) or dissimilar (variogram for genetic and genotypic
diversity, Wagner et al. 2005), at various spatial scales
(see below). We used the kinship coefficient (Fij) proposed
by Loiselle et al. (1995) as a means of measuring the relatedness between each pair of individuals. In haploid species
like C. parasitica, Fij equals Moran’s index (I), the classical
measure of autocorrelation (Legendre & Legendre 1998).
A 95% confidence envelope was estimated by random
permutations (499 permutations) of the individual locations
(Manly 1997) to test whether the observed values were
significantly different from 0. Furthermore, assuming gene
dispersal in two spatial dimensions, SGS was finally summarized with Sp statistics estimated as −b/(1 − F(1)), with b
the slope of the regression line between Fij and the logarithm
of geographical distance separating the pairs of isolates,
and F(1), the mean kinship coefficient of the first distance
class (see Vekemans & Hardy 2004 for details). The pairwise
matrix of Fij was calculated with SPAGeDI software (Hardy
& Vekemans 2002). The Sp statistics were tested by comparing
the observed value with the values obtained for 499 random
permutations of the spatial locations of isolates.
For a single locus, l, the variogram of gene diversity
is defined as:

g l (r ) = ∑ ∑
k a<b

χ(abr)
2nr

(zlka − zlkb )2 ,

where nr is the number of pairs of the sample falling into a
series of distance classes r, zka = 1 if the gene copy a is of
(r )
allele k and 0 if otherwise, and χ ab is the Kronecker weight
(r )
for the pair of observations a and b. χ ab if a pair of the
(r )
sample belongs to the distance class r and χ ab = 0 if otherwise.
The variogram of multilocus gene diversity ƒ(r) is the
weighted sum of gl(r) for L loci (see Wagner et al. 2005 for
details). Similarly, the variogram of genotypic diversity
Ð(r) is obtained by coding each multilocus genotype by a
dummy variable Zg, which takes the value of 1 if individual
a is of genotype g and 0 if otherwise. Ð(r) may be considered
to be the probability of sampling two individuals of different
genotypes as a function of the distance separating those
individuals (Wagner et al. 2005). Correlograms and variograms were estimated using data pairs (for individuals)
grouped into 50 distance classes. The spatial lag was 10 m
and the sampling locations in the first distance class were
separated by a mean distance of 7 m. The number of pairs
used to estimate kinship coefficient and the semivariances
ranged from 260 to 915 per distance class. The significance
of correlograms and variograms was assessed by performing
499 randomizations of the spatial location of individuals,
resulting in estimates of the 97.5% and 2.5% statistical
© 2008 The Authors
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confidence envelopes. Calculations were carried out with r
software (r Development Core Team, 2007).
We assessed the effect of repeated MLGs on SGS, by
carrying out autocorrelation analyses using the weighting
procedure proposed by Wagner et al. (2005), in which each
MLG is assigned a weight inversely proportional to the
number of repeats in the sample. Thus, pairwise coefficients
were weighted 1/(ninj), where ni and nj are the number of
copies for the ith and jth MLG in the population, respectively.
Pairs of isolates with the same MLG were not considered.
This procedure was performed to generate the variogram for
gene diversity and the correlogram for kinship coefficient.
Finally, we used the classical variogram formulation to
analyse the spatial autocorrelation of the proportion of alleles
shared between each isolate and one of the four most
common genotypes. Again, 499 randomizations were used
to assess statistical significance. When possible, we fitted a
variogram model to the empirical values. The resulting
variogram model was used for a punctual kriging interpolation procedure (Isaaks & Srivastava 1989) to produce
isarithmic maps for the assessment of genetic similarity.
The package geoR was used for all calculations (Ribeiro &
Diggle 2001).

Results
Occurrence of the Cryphonectria hypovirus (CHV-1)
within the population
Of the 276 strains analysed, 51.3% were white and were
assumed to be infected with CHV-1. Infection rates did
not differ between the four dominant MLGs (see below,
χ2 = 7.087, d.f. = 3, P = 0.069) and the two most frequent
MLGs: H15 and H75 (χ2 = 0.278, d.f. = 1, P = 0.597). Spatial
analysis revealed a lack of spatial structure for the
presence of the virus, the variogram having a flat shape
(not shown).

Genetic diversity and recombination between MLGs
We genotyped 276 isolates based on the 10 microsatellite
loci. The number of alleles per locus was estimated at 5.6,
and the mean HE was 0.61 (+/–0.03). For genotypic diversity,
92 MLGs were observed (gobs), four of which were repeated
more than 15 times (H75, H15, H44 and H47; Table 1), and
71 of which were observed only once in the sampled
population. The maximum number of different genotypes
based on the number of alleles observed (gmax) was greater
than 20 × 106.
The probability of the same MLG occurring more than
once because of recombination in a randomly mating
population (Psex) was less than 0.05 for 14 of the 21 MLGs
sampled at least twice (Table 1). However, the probability
of sampling the most common MLGs at least three times,
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MLG identity

No. of repeats

Pgen

Psex

Mating type 1:2

Infection %

H75
H15
H44
H47
H36
H86
H91
H74
H25
H72
H80
H01
H06
H14
H29
H31
H37
H48
H56
H59
H65

79
45
16
16
6
5
5
4
3
3
3
2
2
2
2
2
2
2
2
2
2

0.0006
0.0001
1 × 10 –08
3 × 10 –08
3 × 10 –11
2 × 10 –05
0.0004
0.0003
9 × 10 –05
0.0007
0.0003
0.0004
8 × 10 –07
0.0002
3 × 10 –15
2 × 10 –10
5 × 10 –11
2 × 10 –10
6 × 10 –08
8 × 10–07
0.0007

0.151
0.029
4 × 10 –06
9 × 10 –06
8 × 10 –09
0.006
0.121
0.082
0.024
0.177
0.087
0.127
2 × 10 –04
0.047
7 × 10 –13
6 × 10 –08
1 × 10–08
6 × 10 –08
2 × 10 –05
2 × 10–04
0.184

17:33
20:6
7:1
1:7
ND
3:0
1:0
1:1
2:0
1:2
0:3
0:1
2:0
0:2
0:1
1:1
0:2
2:0
0:2
ND
0:1

53.2
58.1
25
58.8
16.7
80
20
50
100
100
33.3
100
50
50
100
50
50
50
50
0
50

Table 1 Number of repeats, probability of
first occurrence (Pgen) and second occurrence
(Psex) assuming random sexual reproductive
events for the 21 multilocus genotypes
repeated at least twice in the C. parasitica
population studied (in bold, Psex < 0.05, see
text for details). The observed mating types
for a subsample of individuals and the
percentage infection are also given

ND, not determined.

Fig. 2 Distribution of the various multilocus genotypes observed
in the Cryphonectria parasitica population as a function of the
number of alleles identical to H15 (x-axis) or to H75 (y-axis). The
analysis was performed with a single copy of each multilocus
genotype.

assuming random mating, was systematically < 0.05 (data
not shown). We amplified MAT-1 from 65 and MAT-2 from
82 of the 156 isolates for which mating type was determined.
Both mating types were amplified for eight isolates; these
isolates were counted for both categories. The mating-type
ratio did not deviate significantly from a 1:1 ratio if the total

sample of isolates (χ2 = 0.788, P = 0.375) or H75 isolates
only (mating type ratio was 17:33, χ2 = 2.627, P = 0.105) were
considered. However, a significant deviation from the
1:1 ratio was detected for H15 isolates (ratio = 20:6,
χ2 = 4.064, P = 0.044). Perithecia were observed in 19
cankers from the 90 cankers checked for the presence of
sexual structures.
The multilocus index of association (rd) was 0.410 if all
the isolates analysed were considered, and 0.141 if we
considered only one copy per MLG. This index, with or
without the repeated MLGs, was significantly different
from 0 (P < 10–3). For each MLG, we calculated the number
of alleles identical in the MLG considered and in H75 and
H15, the two most repeated MLGs within the population.
This analysis showed that H75 and H15 shared two alleles
for the 10 microsatellite loci analysed. About half the
observed MLGs (47 of the 90 MLGs) had at least seven alleles
in common with either H75 or H15 (Fig. 2). Twenty-four
MLGs fell on the line linking H15 and H75 corresponding
to genotypes potentially recombining between these two
most dominant MLGs. Many of these MLGs were close to
either H15 or H75. Another group consisted of 26 haplotypes
sharing fewer than five alleles with either H15 or H75. H44
and H47 were included in this group. Finally, this comparison
demonstrated the low frequency of MLGs with an allelic
similarity intermediate between that of H75, that of H15
and the third group of MLGs (Fig. 2), suggesting a low rate
of recombination between the four dominant MLGs.
© 2008 The Authors
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Fig. 3 Correlogram of kinship coefficients among pairs of
Cryphonectria parasitica isolates as a function of pairwise distance
classes from the French population studied. Diamond and square
symbols indicate the kinship coefficient estimated with all isolates
(nonweighting procedure) and after clone correction (weighting
for repeated genotypes), respectively. Closed symbols do not
differ significantly from the value obtained for a random structure
(P > 0.05; obtained after 499 permutations of spatial location).

Spatial genetic structure
As expected under conditions of decreasing gene dispersal
over spatial distance, kinship coefficients decreased steadily
with increasing geographical distance between two isolates
(Fig. 3). This pattern was observed only when all isolates
were considered (i.e. with a nonweighting procedure).
When repeated MLGs were weighted according to their
frequency within the sampled population, the SGS did not
differ significantly from a random pattern. The Sp statistic,
quantifying SGS, was 0.062 for nonweighted and 0.001
for weighted autocorrelation. The slope and the Sp statistic
differed significantly from those expected under the
hypothesis of a random spatial distribution of genotypes
when all isolates were considered (P < 0.002 for the two
tests). After weighting for repeated genotypes, no mean value
for Moran′s index per distance class differed significantly
from 0, but a slight decrease of genetic similarity over
distance was detected, with a slope and Sp significantly
different from those expected under the hypothesis of a
random spatial distribution of genotypes (P = 0.012 and
P = 0.010, respectively).
The variogram showed a regular increase in semivariance
for gene diversity ƒ(r) when all isolates were considered
(Fig. 4a). The statistical envelope based on 499 randomizations indicated that a nonrandom spatial genetic structure
occurred for distances of less than 100 m and more than
300 m (Fig. 4a). A bias may be introduced for larger distances
of separation, because only observations from the edge of
the sampled domain contribute to the calculations. Variogram analysis is therefore generally limited to one-half or
two-thirds of the maximum distance between sampling
points (Isaaks & Srivastava 1989). We report here the whole
variogram, because we were interested in its general shape
and whether or not it reached a plateau. The semivariance
© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

Fig. 4 Variogram of gene diversity among Cryphonectria parasitica
isolates as a function of pairwise distance classes (4a) considering all the isolates (circles) or weighted for repeated
genotypes (triangles), or of genotypic diversity (4b) from the French
population studied. Open symbols indicate the absence of a
significant difference from the value obtained for a random
structure (P > 0.05; obtained after 499 permutations of spatial
location).

did not reach a plateau, instead increasing regularly
with spatial distance (Fig. 4a). Using the weighting scheme
proposed by Wagner et al. (2005) to correct for repeated
genotypes, we detected no significant spatial genetic structure and the variogram was flat (Fig. 4a). The variogram
of genotypic diversity had a shape very similar to that
described above. Genotypic diversity (Ð(r)) increased
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Fig. 5 Variogram of genetic similarity (in
number of shared alleles) to the multilocus
genotypes H75, H15, H44 and H47 among
Cryphonectria parasitica isolates as a function
of pairwise distance classes from the French
population studied. The grey area indicates
values not significantly different from those
obtained for a random structure (P > 0.05;
obtained after 499 permutations of spatial
location).

linearly with the distance separating the isolates (Fig. 4b).
Again, no plateau was observed.
Analysis of the proportion of alleles common to each
isolate and one of the four most common genotypes (i.e.
genetic similarity) yielded the variograms reported in
Fig. 5. Spatial autocorrelation occurred in two cases, for the
proportion of alleles shared with H75 and H15 (Fig. 5).
Models were fitted to the empirical variograms, using
the observed semivariance values for lag distances below
400 m, corresponding to two-thirds of the maximum
distance between sampling points (Isaaks & Srivastava
1989). No plateau occurred for H15, whereas the variogram
obtained for genetic similarity to H75 reached a constant
value for distances greater than 200 m. The plateau value
was determined by fitting a parametric Gaussian model
(Isaaks & Srivastava 1989) to an empirical variogram, using
weighted least-square estimates. The weighting of each
semivariance estimate was proportional to the number
of data pairs involved in its calculation (Cressie 1985). No
significant spatial structure was detected in terms of similarity to the other two dominant MLGs (H47 and H44; Fig. 5),
probably because frequencies were too low to detect spatial
structures. We report only the map of genetic similarity
between the isolates and H75 (Fig. 1). The lack of significant
spatial structure or the existence of a structure beyond the
spatial scale studied for the other variograms resulted in
maps that were uninterpretable.

Discussion
Both methods of spatial analysis (variogram and autocorrelogram) indicated a strong SGS when all the isolates were
considered (i.e. with the nonweighting procedure). These
results were associated with a significant clustering of
repeated genotypes over distances of 0 to 100 m, particularly
for the two dominant MLGs (H75 and H15). We cannot
completely rule out an effect of selection due to microenvironmental heterogeneity (e.g. microclimatic conditions
or SGS at a fine spatial scale for Castanea sativa), but this
clustering of markers assumed to be neutral is consistent
with the dispersal over short distances of asexual spores.
The high prevalence of the hypovirus in this population
may favour asexual dispersal and the large clonal patches
observed (Fig. 1), because fungal infection results in a loss
of female fertility (Nuss 2005). However, repeated genotypes
were observed at greater distances than those reported for
American populations, in which identical genotypes were
observed mostly in the same or in neighbouring chestnut
trees (i.e. a few metres apart; Milgroom & Lipari 1995). Our
results therefore suggest that asexual spores disperse over
larger distances than previously thought. Asexual spore
dispersal over distances of a few metres probably involves
rain or small animals, where insects may occasionally
disperse spores over distances of up to several hundred
metres (Russin et al. 1984). Alternatively, spores produced
© 2008 The Authors
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by intrahaploid mating may contribute to the spread of
identical genotypes (see Introduction). Marra et al. (2004)
estimated the intrahaploid mating rate in European populations to be up to 20%. Both mating types were detected
within many repeated MLGs, and thus, intrahaploid mating
may also occur in this French population. The sexual
spores generated through intrahaploid mating are thought
to disperse over greater distances than asexual spores (see
for example Milgroom & Lipari 1995). This may thus favour
the establishment of clonal genotypes several hundred
metres away from the initial disease focus.
We were unable to determine average clonal subrange in
this study because the observed SGS was close to that for a
random structure after the removal of the effect of repeated
genotypes by the weighting procedure. Thus, the spatial
distribution of repeated genotypes accounted for most
of the SGS at distances of 0 to 600 m. Both the weighting
procedure and the steady increase in the semivariance of
genotypic diversity suggested that the spatial distance
over which clonal repetitions affect SGS was larger than the
spatial scale investigated in this population. The random
SGS observed after removing the effect of repeated genotypes could be due to the small number of different genotypes detected in this analysis (only 92 different MLGs),
limiting the power of this study to detect IBD. However,
the absence of a significant IBD pattern may also be due to
sexual spores being dispersed over larger distances than
estimated in previous studies (i.e. a few hundred metres,
Heald et al. 1915). Spores may disperse over larger distances
in European populations than in American populations, on
which all previous estimates were based. This may be due
to differences in climatic conditions, the density and spatial
distribution of host species, or the activities of animal vectors.
Furthermore, direct estimates by capture, as used by Heald
et al. (1915), do not generally estimate long-distance dispersal
efficiently (Nathan et al. 2003). This random SGS might also
result from an absence of drift–dispersal equilibrium, due
to recent colonization, leading to a random distribution
of related genotypes. C. parasitica was first detected in this
area in the 1970s (Grente 1981), but the population studied
here may have been founded more recently. Colonization
may have occurred a few sexual generations ago, because
an IBD structure generally becomes established soon after
the founding event (between 10 and 20 sexual generations
later; Hardy & Vekemans 1999; Leblois et al. 2004).
In the absence of historical data, we were unable to draw
any firm conclusions concerning the absence of an IBD
pattern and its relationship to recent colonization. However,
we assume that the colonization process might affect the
overall SGS (i.e. when all isolates were included in the
analysis) of this C. parasitica population, even several years
after the founding event. Figure 1 indicates that there is a
large difference in the density of the two dominant MLGs
(H15 and H75) and their related MLGs between the south© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

western and northeastern parts of the study plot. This
pattern may be attributed to colonization by two MLGs at
opposite sides of the stand, followed by an expansion of
these genotypes over short distances, mostly by asexual
means and through intrahaploid mating. A colonization
process of this type was suggested as a possible cause of the
recent spread of C. parasitica populations in Switzerland
(Bissegger & Heiniger 1994; Hoegger et al. 2000). The H15
and H75 clonal lineages were highly differentiated genetically and displayed only low levels of mixing in the plot,
creating a cline of allelic frequencies. As argued by Wagner
et al. (2005), a genetic cline may account for the continuous,
linear increase in the semivariogram for genotypic and
genetic diversity observed in this study. Furthermore, the
semivariogram of genetic similarity to H15 did not reach a
plateau as it did for H75. This result is also suggestive of the
formation of a clinal structure. H15 was more clustered in
the western part of the population, and thus, our study did
not totally capture the SGS of this dominant MLG and its
related genotypes. If this hypothesis is correct for the French
population, it should be confirmed by spatial analyses at
a larger spatial scale. We would expect to find a higher
frequency of H15 than of H75 in the western part of the
new studied area, and the opposite result in the eastern part.
Surprisingly, this study showed that rare MLGs were
highly similar to the four dominant MLGs (H75, H15, H44
or H47). Most of these rare MLGs differed from the four
dominant MLGs by only one or two alleles over the 10 loci
analysed. These differences between MLGs could have been
due to genotyping errors or somatic mutations. However,
these two hypotheses were rejected, because most of the
isolates were genotyped at least twice, and because the one
or two alleles differentiating rare MLGs from dominant
MLGs were generally identical to those found in other
dominant MLGs (data not shown). Size differences between
alleles generally exceeded one microsatellite repeat motif,
strongly suggesting that alleles were inherited by a limited
process of recombination between dominant MLGs rather
than being generated through mutations. There are at least
two possible reasons for this. First, recombining genotypes,
other than those genetically similar to the dominant genotypes, may be poorly adapted to local abiotic (climate) and
biotic (Castanea sativa genotypes, local CHV-1 strains, etc.)
conditions. However, there is no experimental evidence to
suggest that such genotypes have a higher fitness, and the
components of fitness (e.g. mycelium growth or sporulation
rates) should be compared between recombined genotypes
to test this hypothesis more directly. Furthermore, assuming
that most of the microsatellite loci used in this study were
neutral and physically independent, such a mechanism
would occur only if selected genes were linked to these loci.
Second, a recent study in an American C. parasitica population
suggested that parasexual recombination may occur after
heterokaryon formation between incompatible vegetative
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lineages (McGuire et al. 2005). This process, which has been
described for C. parasitica only in the laboratory (see for example Rizwana & Powell 1995), would occur after the fusion
of the two mycelia and the transient fusion of two different
nuclei. At this stage, the nuclei exchange chromosomes
(or parts of chromosomes) by mitotic recombination. Parasexuality may occur frequently between the four dominant
MLGs, generating many of the nondominant MLGs observed
in this study. Sexual structures were observed in this population, but the observed genotypic structure suggests that
sexual reproduction between different clonal lineages would
contribute less to local epidemic spread than asexuality,
intrahaploid mating, inbreeding and putative parasexuality.
The semivariogram of genetic and genotypic diversity
clearly indicated a continuous increase in the variance of
genetic similarity with increasing spatial distance separating
two isolates. This finding illustrates the efficiency of the
variogram method for assessing the relevance of the spatial
scale studied for the inference of spatial dispersal processes.
As argued by Wagner et al. (2005), in an IBD model with
dispersal processes occurring mostly at the scale studied,
the semivariogram is characterized by a plateau (i.e. a
constant variance of genetic similarity between individuals)
at the largest distances investigated. Thus, the sampling
window (600 m) used in this study was smaller than the
scale at which the processes studied shape the SGS. The
relevance of spatial scales for the correct inference of
dispersal distances was much more difficult to assess using
Moran’s correlogram alone (Vekemans & Hardy 2004). Our
results confirm that semivariograms are potentially useful
for determining the spatial scale of dispersal processes,
constituting a feasible alternative to the iterative procedure
developed by Vekemans & Hardy (2004). Furthermore,
Wagner et al. (2005) showed that variogram modelling can
facilitate estimation of the Sp parameter and historical gene
flow. The Sp parameter is an interesting index for quantifying
spatial structure (Vekemans & Hardy 2004). However, it
can be used to measure historical gene flow if, and only if,
the scale of the study matches the spatial scale of genetic
variability under a hypothesis of drift–dispersal equilibrium.
Our variogram analyses strongly suggested that either
the spatial scale investigated was too small or that the C.
parasitica population was not at equilibrium. Thus, in this
case, Sp can be used only to estimate the level of structuration, and inferences about dispersion should be avoided.
This study provides insight into how variograms for genetic
diversity can facilitate estimation of the spatial scale over
which dispersal processes occur in various species (whether
partially clonal or not).
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