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Abstract

A population genetics approach is used to identify the most likely introduction site
and introduction pathway for the North American forest pathogen Heterobasidion
irregulare using 101 isolates from six sites in Italy and 34 isolates from five sites in
North America. Diversity indices based on sequences from ten loci indicate the highest
diversity in Italy is found in Castelfusano/Castelporziano and that diversity progres-
sively decreases with increasing distance from that site. AMOVA, Bayesian clustering
and principal coordinates analyses based on 12 SSR loci indicate high levels of gene
flow among sites, high frequency of admixing, and fail to identify groups of genotypes
exclusive to single locations. Cumulatively, these analyses suggest the current infesta-
tion is the result of multiple genotypes expanding their range from a single site. Based
on two sequenced loci, a single source site in North America could provide enough
variability to explain the variability observed in Italy. These results support the notion
that H. irregulare was introduced originally in Castelporziano: because Castelporziano
has been sealed off from the rest of the world for centuries except for a camp set up
by the US military in 1944, we conclude the fungus may have been transported in
infected wood used by the military. Finally, spatial autocorrelation analyses using SSR
data indicate a significant under-dispersion of alleles up to 0.5-10 km, while a signifi-
cant overdispersion of alleles was detected at distances over 80 km: these ranges can
be used to make predictions on the likely dispersal potential of the invasive pathogen.
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epidemics threatening the survival of native plant species

Introduction .
have occurred in the last century as a consequence of

Emerging animal and plant diseases caused by fungi
and fungal-like organisms have steadily increased in
the last decades and are predicted to have a significant
impact on human and ecosystem health (Fisher et al.
2012). In the case of fungal plant pathogens, several
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the introduction of exotic fungi. Examples include,
among many other cases, chestnut blight, white pine
blister rust, and Dutch elm disease (Maloy 1997; Fisher
et al. 2012). While multiple introductions from different
source populations may reduce the erosion of genetic
diversity, invasion is generally associated with a loss of
genetic diversity along the expansion gradient as a
consequence of the effects of serial bottlenecks (Le Corre
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& Kremer 1998), and such a pattern has already been
demonstrated for plant pathogenic fungi (Vercken et al.
2010; Fontaine ef al. 2013). A range of markers, includ-
ing rapidly evolving microsatellites, may be used to
infer introduction patterns and reconstruct the invasion
history of exotic organisms (Estoup & Guillemaud 2010;
Fontaine et al. 2013). Such a knowledge is important not
only for a correct interpretation of the evolutionary
processes leading to successful invasions (Dutech et al.
2010), but also to improve predictive models and for
the implementation of effective and sustainable control
strategies against the invasive pathogens (Fontaine et al.
2013).

The case of the introduction of the fungal forest path-
ogen Heterobasidion irrequlare (Underw.) Garbel. & Otro-
sina (Basidiomycota) from North America into Italy
(Gonthier et al. 2004) has at least two significant impli-
cations with regard to the global movement of infec-
tious agents between continents. First, it provides an
unexpected example of a successful introduction of a
plant pathogen not known to produce any surviving or
resting structures. Second, it is maybe the best-docu-
mented introduction of a plant pathogen hypothesized
to have occurred through military activities. The widely
accepted belief that H. irregulare may have been unwit-
tingly introduced towards the end of World War II by
US troops is based upon the fact that H. irregulare was
first discovered in the hunting grounds of the Presiden-
tial Estate of Castelporziano, a forest that has been inac-
cessible to the general public for centuries (Gonthier
et al. 2004). The high-walls of the large estate were
breached by the 85th Division of the Fifth US Army in
June 1944, and a tent camp was subsequently established
in proximity of the area where most of the tree mortality
is currently observed (D’Amico et al. 2007; Gonthier et al.
2007), and where discarded wooden crates and latrines
were abandoned as the allied troops marched north
(Cole 2012). The later discovery that the exotic organism
was actually present in pine stands along over 100 km
of coastline challenged the solidity of that assumption,
and put into question not only the means, but also the
date of the introduction (D’Amico et al. 2007; Gonthier
et al. 2007). However, two additional observations sup-
ported the hypothesis that Castelporziano may have
been the site of the original introduction: (i) disease foci
caused by the North American pathogen were about
one order of magnitude larger in Castelporziano than
anywhere else, and, (ii) the large forest of the Circeo
National Park was only infested by H. irregulare in its
northern portion, suggesting recent colonization from
the north, where Castelporziano is located (Gonthier
et al. 2007, 2012). However, it should not be overlooked
that the validity of the assumption that more severe
symptoms are indicative of older infestations is limited

by the fact that different ecological conditions among sites
may lead to different disease spread rates (Holdenrieder
et al. 2004).

Given the importance of reconstructing the date, site,
and actual pathway of introduction - all factors with
clear implications for worldwide policy-making and for
adequate prediction of the future rate of spread of this
invasive pathogen - further evidence is needed to
support or reject the military pathway hypothesis, and to
better understand its potential for dispersal within
Europe. The North American origin of invasive popula-
tions is not in question here: Linzer et al. (2008) have
solidly reconstructed the phylogeography of North
American and Eurasian populations of Heterobasidion
spp. infecting pines and have shown the Italian popula-
tion of H. irregulare, at that time still referred to as
H. annosum P intersterility group, to come from eastern
North America. Not surprisingly, given the extensive
range of H. irrequlare in the area of origin (Garbelotto &
Gonthier 2013), and in spite of the extensive sampling
which included populations as far north as Quebec, as
far south as Louisiana, and as far west as Missouri, the
exact origin of the invasive population could not be
ascertained within eastern North America. Nonetheless,
Italian sequences of H. irrequlare did cluster together
when a Bayesian analysis of four combined loci was
performed, and the DNA sequence of an insertion in
the ML5-ML6 mitochondrial region was highly similar
only to sequences found in the southeastern USA,
suggesting a single provenance from that region (Linzer
et al. 2008).

The native Eurasian congener H. annosum (Fr.) Bref.
is present in the entire zone of infestation in Italy but,
with the exception of the mesic Circeo forest in the
south, its incidence is very low (Gonthier et al. 2007).
Heterobasidion irrequlare can also be found in Italian oak
woodlands where the native species is virtually absent,
but it does not appear to be causing any disease in
these stands (Gonthier et al. 2012). Jointly, the two
species are considered as some of the most damaging
pathogens to conifers worldwide (Otrosina & Garbelot-
to 2010; Garbelotto & Gonthier 2013). Although the
invasive and the native pathogen species display
comparable levels of virulence when inoculated on Ameri-
can and Eurasian pines, the invasive species has a much
higher and constant rate of sporulation resulting in
transmission and disease rates that are considerably
higher than those of the native species (Garbelotto et al.
2010). The production of meiospores (basidiospores) is
a critical trait for the range expansion of Heterobasidion
species because mitospores, although abundantly
produced in vitro, have never been shown to play a role
in nature and because secondary tree to tree spread
through root contacts is limited to a maximum of a few
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tens of metres (Stenlid 1985; reviewed in Garbelotto &
Gonthier 2013).

One aspect that is intriguing from an evolutionary
perspective, and at the same time complicates attempts
to reconstruct the history of the introduction and invasion
of H. irregulare, is its widespread hybridization with
H. annosum. The two taxa diverged in allopatry approx-
imately 34-41 million years ago (Dalman et al. 2010) but
their mating systems have remained largely compatible
(Stenlid & Karlsson 1991). The introduction of H. irregu-
lare in the range once solely occupied by H. annosum
has fostered massive interspecific hybridization.
Approximately 25% of all isolates studied so far have
genomes that are admixtures of the two species, but the
incidence of admixed genotypes, the direction of allele
introgression, and the percentage of the genome that
has introgressed from one species into the other, vary
depending on site (Gonthier & Garbelotto 2011).

The goals of this study were to investigate the genetic
diversity and the genetic structure of pure-that is, non-
admixed-H. irregulare populations in different sites
using sequence information from ten loci, and allelic
polymorphism from 12 SSR loci. Allelic richness and
genotypic diversity were estimated and compared
among six major infested sites. AMOVA, Bayesian clus-
tering and principal coordinates analyses were per-
formed to provide a picture of the distribution of
genetic variation in the zone of infestation, to ascertain
the extent of gene flow among sites and to evaluate the
possibility of multiple distinct introductions. Using
sequences from two variable loci and 34 individuals
from five populations in North America, we determined
whether a single North American population could be
the source of the entire Italian population. Finally,
genetic structure of populations and spatial autocorrela-
tion analyses were used to infer the extent of spatial
aggregation of the pathogen and to provide some
measurement of its potential ability to spread. Because the
pathogen cannot establish itself in purely agricultural or
urban settings, we hypothesized that each forest stand
represents an ‘island’ of available habitat for the inva-
sive organism. Within this framework, we used a popu-
lation genetics approach to answer the following
questions: (i) Do allelic richness estimates and cluster-
ing of alleles confirm a single invasion event starting in
Castelporziano?; (ii) Can we estimate the likely number
of founder individuals and determine whether that
number may have come from a single US location?; (iii)
What are the dispersal abilities of this pathogen as
inferred from estimates of population structure and
from spatial autocorrelation analyses? The overall ratio-
nale behind this study was to test whether population
genetic analyses are concordant with a single military-
assisted introduction in Castelporziano and therefore
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support conclusions based on field observations while
providing additional parameters to improve our ability
to predict and model the progression of an invasive
fungus.

Materials and methods

Isolate selection and generation of molecular markers

A total of 101 haploid isolates of the North American
species H. irregulare from six distinct pine stands in cen-
tral Italy were employed for this study (Fig. 1). These
stands included the Castelfusano Pinewood Urban Park
(11 isolates) (41°43'22.81"N, 12°18'34.10"E), a site contig-
uous to the Castelporziano Estate; the Fregene Monu-
mental Pinewood (16 isolates) and the Coccia di Morto
Estate (3 isolates) (41°51'25.40"N, 12°11'52.79"E and
41°48'00.50"N, 12°13'40.44"E, respectively), 24 and
17 km from Castelporziano, respectively; the Gallinara
pine plantation of Anzio (19 isolates) (41°32'00.89"N,
12°33'32.35"E) and the La Campana pine plantation of
Nettuno (11 isolates) (41°30'51.80"N, 12°40'19.95"E),
which are 24 and 32 km from Castelporziano; and the
forest of Sabaudia in the Circeo National Park (41 iso-
lates) (41°19'32.96"N, 13°01'56.21"E), the farthest large
infestation (68 km) from Castelporziano. Isolates were a
subsample of those used in the study by Gonthier &
Garbelotto (2011), all carefully selected to exclude any
individual showing significant (>5%) introgression of
markers from H. annosum in a study on hybridization
and introgression employing over 500 loci. Latitude and
longitude values were recorded for each isolate at the
time of collection.

For molecular analyses, DNA of each isolate was
extracted from 20 mg of lyophilized mycelium using
the Puregene DNA isolation kit (Gentra). DNA concen-
tration was evaluated using a Nanodrop fluorometer
(Thermo Fisher Scientific, Wilmington, DE, USA) and
diluted to 10 ng/pL before being used as a template for
molecular analysis.

Sequence analysis was performed on ten loci
(Table 1). Primers and PCR conditions used for their
amplification were described previously (Kretzer &
Bruns 1999; Johannesson & Stenlid 2003; Gonthier et al.
2007; Linzer et al. 2008; Gonthier & Garbelotto 2011).
PCR products were cleaned with the ExoSAP-IT clean-
up kit (USB Corp., Cleveland, OH, USA). Both forward
and reverse strands were sequenced using the above
primers and BigDye Terminator (version 3.1) chemistry,
according to the manufacturer’s instructions. Reaction
mixtures were purified by precipitation, and products
were visualized on an ABI 3100 (Applied Biosystems)
capillary sequencer, following ABI protocols. Sequences
were edited and aligned in Sequencher (Gene Codes
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Fig. 1 Map showing the spatial distribu-
Fregene Coccia di Morto tion of the six pine stands where isolates

of Heterobasidion irregulare were sampled.
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Table 1 Loci sequenced in this study, related number of polymorphic sites and alleles detected among the individual analysed

N. of
Amplicon N. of polymorphic GB accession
Locus Putative biological function length (bp)  individuals  sites N. of alleles  numbers*
ACH*  Atrazine chlorohydrolase/ 696 34 12 6 JX982607
guanine deaminase/
amidohydrolase
ATPY Mitochondrial ATP 483 31 0 1 —
synthase subunit 6
BTUB*  Beta-tubulin 378 30 10 6 JX982608, JX982609,
JX982610, JX982611, JX982612,
JX982613
CAM*  Putative calmodulin 136 31 2 3 -
EFA' Elongation factor 1-o 335 53 7 5 JX982614
EPG* Candidate Polygalacturonase 413 33 4 2 JX982615, ]X982616
Glycoside Hydrolase
Family 28 protein
GPD* Glyceraldehyde 3-phosphate 535 31 5 6 JX982617
dehydrogenase
GST1* Glutathione-S transferase 404 32 2 3 JX982618, JX982619,
1 gene JX982620
ITS* Internal transcribed spacer 571 32 0 1 JX982621
OMP*  Uridine 5-monophosphate 642 29 0 1 -
synthase/orotate

phosphoribosyltransferase

*Primers for the amplification of these loci were reported in Gonthier & Garbelotto (2011).

"Primers for the amplification of these loci were reported in Kretzer & Bruns (1999), Johannesson & Stenlid (2003) and Gonthier et al.
(2007).

GenBank accession numbers of novel alleles detected in this study.

© 2013 John Wiley & Sons Ltd
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Corp., Ann Arbor, MI, USA). With the exception of
BTUB and GST1 (Table 1), located 956947 bp apart on
the same scaffold, all nuclear loci were selected to be
on different scaffolds of the H. irregulare genome
(http:/ /genome.jgi-psf.org/Hetan1/Hetan1.home.html)
(Olson et al. 2012), with an average distance of
1294247 bp, to reduce the probability of linkage among
markers (Gonthier & Garbelotto 2011).

The software SciRoKo (Kofler et al. 2007) with the
‘perfect MISA-mode’ search setting was used to identify
12 simple sequence repeats (SSRs) in the H. irregulare
genome. Primers were designed using Primer 3 (http://
www.embnet.sk/cgi-bin/primer3_www.cgi) in regions
flanking the SSR loci, and annealing temperatures were
optimized with a gradient PCR. SSRs were all trimers
and hexamers within open reading frames (ORFs), and
primers were all designed within conserved exonic
regions to minimize mispriming and ensure repeatable
results. The lengths of amplicons always matched the
theoretical ones calculated in silico, taking into account
the length of both amplified flanking regions and a
variable number of tri- or hexa-repeats. The SSR loci
analysed, their location in the genome and the primer
pairs used for their amplification are reported in Table 2.

Universal fluorescent labelling (UFL) was used for the
detection of SSR markers (Shimizu et al. 2002). Accord-
ingly, PCRs were performed in a 10 pL final volume
containing 10 ng of template DNA, 200 pm of dNTPs,
1.5 mm of MgCl,, 0.2 uMm each of tagged forward primer,
reverse primer and fluorescently labelled reporter
primer, and 1 U Taq polymerase. The sequence of the
reporter primer was 5'-6-carboxyfluorescein (FAM)-
GGTGGCGACTCCTGGAG-3' (Shimizu ef al. 2002). The
PCR conditions were as follows: an initial denaturation
of 1 min at 95 °C, followed by 35 cycles of denaturation
at 94 °C for 30 s, annealing at a temperature ranging
from 52 °C to 59 °C (Table 2) for 30 s, and extension at
72 °C for 30 s, and a final extension of 72 °C for 5 min.
The PCR products were sized on an ABI 3100 using
Rox 500 as the size marker. For statistical analysis,
allele-fragment length was substituted with the number
of repeats corresponding to the allele size.

Genetic diversity analyses

Sequence data from 62 H. irregulare isolates (Table SI,
Supporting information) were employed to calculate
indices of diversity for each study site. Because the

Table 2 SSR loci analysed, their location in the genome, primers used with related temperature of annealing, number of repeats and

alleles among the individuals analysed

Genome Forward (F) and reverse N. of Amplicon N.of  N.of

Locus  location (R) primers (5-3')* Ta (°C)" individuals length (bp) Repeats  repeats alleles

MS17a  Sc2: 564659  F: AGGAATCGTAGGGACGTTCG 55 92 109-115 CTG 11-13 3
R: GTCGAACCCGAACCTGAACT

MS27a  Sc2: 3188791 F: CAGAAAGCGAAAACAGAGGAG 55 68 116 GAG 10 1
R: GACGACGAACTCGTGGAAG

MS29a  Sc3: 153954  F: CACGTGACAGACACAGATGG 55 34 110-122 TCG 12-16 3
R: CGCGTGATCCTCATTCACT

MS32a  Sc3: 935953  F: GAATGACCCCACCCGACT 55 64 111-123 ATG 812 5
R: CCCAAGAGAACCATCACCAT

MS37a  Sc3: 2232991 F: GAAGAGGAGAGAGGAGGAAAGAA 52 96 117-120 TCC 10-11 2
R: ACACAGCGCCCCTTCACT

MS47a Sc4: 1377840 F: CCTGTCCTTTTCCTCCGACT 55 78 115 CAG 10 1
R: ACAGCTCAAGTCTGCCCTCT

Tril Scl: 3573600 F: AGAACGAGAATGGGGAGGAT 59 90 342-369 CTC 615 7
R: CGATCAAAAACGAGGAGGT

Tri4 Sc4: 1006374 F: AAGGGTGTCATTCGTTCAGG 59 95 124-157 GGT 2-13 7
R: CACCCTCCTCTTCATCCAA

Tri5 Sc5: 770074 F: TGAAGCTTTTCCAAGGCACT 59 93 288-369 CAA 1239 6
R: CTGCTGCTGCTGCTATTGTT

Trill Scl1: 868145 F: GCTCGTCCCTTCTCTCTCCT 58 88 387-399 TCA 59 4
R: TTTGAACGAAATCCGAGGTC

Tri39 Sc39: 2355 F: GGGATCGAGTATGTGCGTC 59 96 280-283 TGT 10-11 2
R: CCGGTCAACAGTCATTCCTT

Hexald Scl: 3300100 F: GACGTGCACCTTCATGCTC 59 90 170-212 CACTCA 29 4

R: GGATTTGACGGCTCGAAGT

*A tag sequence (5'-GGTGGCGACTCCTGGAG-3') is linked to all forward primers for universal labelling (Shimizu et al. 2002).

TAnnealing temperature.

© 2013 John Wiley & Sons Ltd
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number of isolates successfully sequenced at multiple
loci was relatively small for Fregene and Coccia di
Morto, and because principal coordinates analysis
(PCoA) (see results) showed (i) no association of Coccia
di Morto isolates with a particular cluster; (ii) Coccia di
Morto isolates were positioned in close proximity to iso-
lates from other sites and (iii) in two of three cases iso-
lates from Coccia di Morto were placed close to isolates
from Fregene, calculations were performed combining
the individuals from the two sites. Fregene and Coccia
di Morto are located 6.2 km from one another on the
same bank of the Tiber River, while Castelfusano is
17 km to the southeast and on the opposite side of the
Tiber.

Calculations were performed for each sequence sepa-
rately, before being averaged across loci. Only variable
loci were used to calculate averages. Two indices were
calculated using Arlequin software v.3.5 (Excoffier et al.
2005): haplotype diversity (H) and gene diversity (H)
(Nei & Tajima 1981; Nei 1987).

To determine whether the observed diversity in Italy
may have been the result of the introduction of geno-
types from a single population in North America, the
same indices were calculated using the two highly poly-
morphic loci EFA and GPD using 34 individuals from
five North American H. irregulare populations and for
Castelfusano, the most diverse population in Italy (see
results). North American populations were sampled
previously (Linzer et al. 2008) and are given as follows:
Lac La Blanche and Cushing (Quebec, Canada), Forét
Larose (Ontario, Canada), Savannah River (SC, USA)
and Georgia/Alabama (USA). For further details,
including GenBank accessions and coordinates, refer to
Linzer et al. (2008).

Pearson correlation (P < 0.05) and linear regression
analyses were performed using PASW Statistics 18.0
(SPSS Inc., Chicago, IL, USA) for each diversity index
against the distance (km) from Castelfusano. Due to its
proximity to Castelporziano, this site was inferred to be
the site among those studied with the oldest infestation
of H. irrequlare.

To compare the different sites standardizing sample
size, allelic richness (i.e. number of distinct alleles
expected in random subsamples of different sizes
drawn from the population) and private allelic richness
(i.e. number of private alleles expected in the popula-
tion when random subsamples of different sizes are
taken from each of the populations under consider-
ation) were calculated through rarefaction analysis
using the ADZE software v. 1.0 (http://rosenberglab.
bioinformatics.med.umich.edu/adze.html).

The software package Bottleneck v.1.2.02 (Piry ef al.
1999) was used to determine which of the five Italian
populations exhibits an observed gene diversity (He)

significantly higher than the expected equilibrium gene
diversity (Heq), which is computed from the observed
number of alleles, under the assumption of a constant-
size (equilibrium) population. Gene diversity excess
(He>Heq) is typical of recently bottlenecked popula-
tions (Luikart et al. 1998). This analysis was performed
on polymorphic loci, and estimation was based on
10 000 replications; significant excess of gene diversity
(P < 0.05) was assessed through the one-tailed Wilcoxon
test under the assumption of loci evolving with the infi-
nite allele model (IAM) and population at mutation—
drift equilibrium.

Genetic structure and spatial autocorrelation analyses

SSRs loci were employed to analyse the genetic struc-
ture of 98 H. irrequlare isolates from six sites (Table S2,
Supporting information). The Bayesian clustering and
assignment software STRUCTURE v. 2.3.3 (Pritchard
et al. 2000; Falush et al. 2007, Hubisz et al. 2009) was
used to identify the presence of genetically distinguish-
able subpopulations within the entire sample studied.
Because in natural Heferobasidion infestations, all geno-
types further than a few tens of metres are generated
by sexually formed basidiospores (Garbelotto & Gonthier
2013), the genome admixing model for uncorrelated
allele frequencies was used. We tested for up to six
clusters (K), with five repetitions for each K, to match
the total number of study sites. A 100 000 run burn-in
and MCMC analyses based on 100 000 interactions
were used without assuming prior population informa-
tion. Selection of K from this output data was carried
out based on suggestions in the software documenta-
tion, that is, using the maximum-likelihood estimate
method suggested by Evanno (Evanno ef al. 2005). Out-
put files for the optimum estimate of K were merged in
CLUMPP (Jakobsson & Rosenberg 2007) and visualized
using DISTRUCT (Rosenberg 2004).

A PCoA was also run with R software (R Core Team
2012) with a labdsv library (Roberts 2012) to provide
more information on the number, composition and
relatedness of distinct clusters. An Euclidean distance
matrix was calculated on the original variables space
with the dist() function and its default options for miss-
ing values (Crawley 2013). A hierarchical cluster analy-
sis (HCA) with Euclidean distance and Ward
agglomerative method was run on the isolates’ princi-
pal coordinates. The resulting dendrogram, the agglom-
eration distance (Munoz-Diaz & Rodrigo 2004), the
connectivity and the average proportion of nonoverlap
(APN) (Brock et al. 2008) were examined at each cluster-
ing step to find a reasonable number of neighbouring
points clusters (i.e. groups of similar isolates). To con-
firm the results of HCA, kernel density analysis was

© 2013 John Wiley & Sons Ltd
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performed on principal coordinates (Duong et al. 2008).
An asymmetric kernel bandwidth was chosen according
to the values provided by the smoothed cross-validation
selector (SCV) (Duong 2007). Kernel density estimates
were represented on a raster surface with the indication
of significant feature (P-value set at 5%) derived by the
curvature-based test (Duong et al. 2008). Each HCA
cluster was regarded as validated when a significant
maximum was observed within the cluster itself.

An analysis of molecular variance (AMOVA; Excof-
fier et al. 1992), as implemented by Arlequin v.3.5, was
performed to study the presence of significant genetic
structure within and among study sites. Pairwise Pgr
values were calculated for each combination of sites,
and their significance was calculated after a Bonferroni
correction for multiple comparisons.

Finally, Spagedi v.1.3 (Hardy & Vekemans 2002) was
used to determine the presence of significant clustering of
alleles using spatial autocorrelation. Spatial coordinates
for each individual were supplied in UTM format
(WGS84). Moran’s index of genetic similarity, I (Sokal &
Oden 1978), was used to test the correlation between allelic
repeats and spatial distance classes. A total of 20 000 per-
mutations were used for significance testing of Moran’s I.

Results

A total of 33 multilocus genotypes of 34 isolates
successfully sequenced at least at two loci were detected

from sequence data (Table S1, Supporting information),
and 89 multilocus genotypes of 98 isolates were
detected from SSR data (Table S2, Supporting informa-
tion). However, the combined analysis of sequence and
SSR data indicated all isolates were different multilocus

genotypes.

Genetic diversity analyses

Seven of the ten loci sequenced proved to be polymor-
phic, with a number of alleles per locus ranging
between two and six (Table 1). With the exception of
Castelfusano, where we detected up to five alleles per
sequenced locus, the greatest number of alleles per
locus was four in all the other pine stands (Table S3,
Supporting information). A list of all alleles per locus
including GenBank accession numbers is reported in
Table S1 (Supporting information).

Both average diversity indices showed highest diver-
sity values for Castelfusano, intermediate values for
Anzio, Nettuno and Fregene-Coccia di Morto, and lowest
values for the Sabaudia forest at Circeo (Fig. 2). Each
diversity index decreased significantly with increasing
distance from Castelfusano (Pearson’s r: P < 0.05),
following the linear regression models reported in Fig. 2.
Diversity indices for each polymorphic locus per site are
reported in the Table 54 (Supporting information).

Rarefaction analysis indicated that the highest and
lowest allelic richness values were in Castelfusano and

Fig. 2 Significant linear regressions (Pear-

son, P < 0.05) between the distance of

sites from Castelfusano and their mean

diversity indices (H and H) calculated
A over seven variable loci.
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in the Sabaudia forest at Circeo, respectively (Fig. 3a).
Private allelic richness was also highest in Castelfusano,
with values rising with increasing sample size (Fig. 3b).

When indices were calculated using the two loci EFA
and GPD for Castelfusano, the most diverse site in Italy,
and for five distinct sites in North America, results indi-
cated that at least two of the North American sites con-
tained as much diversity as Castelfusano (Table S4,
Supporting information).

Bottleneck analysis showed a significant gene diversity
excess (He>Heq) in Castelfusano (P = 0.0391), Anzio
(P = 0.0391) and Nettuno (P = 0.0273), but not in Circeo
(P = 0.5312) and Fregene-Coccia di Morto (P = 0.5938).

Genetic structure and spatial autocorrelation analyses

Ten of the 12 SSR loci analysed were polymorphic, with
the number of alleles per locus ranging between two
and seven overall, or between one and six on a site-by-
site basis (Tables 2 and Table S3, Supporting informa-
tion). The complete SSR data set is available in the
Table S2 (Supporting information). Because of the high
frequency of null alleles, SSR locus 29a was not used
for any of the analyses.

When performing the STRUCTURE analysis, the
clustering level K = 3 yielded the largest delta-K value,
followed by K = 2 and K = 4 (Fig. S1, Supporting infor-
mation). At K =3, 2 and 4, individuals assigned to all
clusters were present at each study site (Fig. 4a). At all
sites, there was a prevalence of admixed genotypes,
belonging to more than one cluster.

In the PCoA (Fig. 4b), two principal axes were selected
explaining 69.9% (principal axis 1) and 13.6% (principal
axis 2) of the variance. The HCA dendrogram, the
agglomeration distance, the connectivity and the average
proportion of nonoverlap at each clustering step showed
2 to 4 clusters of isolates may be present (Appendix S1,
Supporting information). Regardless of the number of
clusters, each one included isolates from different popu-
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lations (Fig. 4b). Kernel density analysis showed 3 dis-
tinct significant maxima, corresponding to areas in the
principal axis space occupied by 3 different clusters.

AMOVA results (Table 3) indicated most of the
genetic variance (93.70%) to be within site, while a
relatively small albeit significant fraction of the genetic
variance (6.30%, P = 0.0429; Table 3) was detected among
sites. When pairwise comparisons were made, and sig-
nificance threshold was Bonferroni-corrected for multiple
comparisons, the only significantly different pair was
Castelfusano-Circeo, although all pairwise comparisons
between the Circeo and other sites were approaching
significance (Table 4).

Spatial autocorrelation analyses indicated a very sig-
nificant (P < 0.001) under-dispersion of alleles between
0 and 500 m and significant under-dispersion (P < 0.05)
until 10 km (i.e. individuals within these distance clas-
ses were genetically more similar than expected by
chance). A very significant (P < 0.001) overdispersion of
alleles was detected at distances over 80 km (Fig. 5).

Discussion

A meta-analysis of all published data has recently high-
lighted the steady rise in the introductions of invasive
forest pathogens (IFPs) into Europe since the end of
World War I (Santini ef al. 2013). While most IFPs are
ascomycetes (kingdom: Fungi) and oomycetes (king-
dom: Stramenopila) introduced through infected live
plant material, about 10% of all IFPs are basidiomyce-
tous fungi, and infected wood ranks as one of the top
three most common introduction pathways (Santini
et al. 2013). The case of the transport of the basidiomy-
cete H. irrequlare from North America into Europe
provides an excellent opportunity to study in detail the
invasion dynamics of a species belonging to a group of
microbes that-with the exception of the rusts-has only
been studied to a limited extent. While a few other
exotic necrotrophic basidiomycetes have been reported
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Fig. 3 Allelic richness (a) and private allelic richness (b) of Heterobasidion irregulare as a function of standardized sample size for An-

zio, Castelfusano, Circeo, Fregene-Coccia di Morto and Nettuno.

© 2013 John Wiley & Sons Ltd



INVASION GENETICS OF AN EXOTIC FUNGUS 4863

(a) K=2 (b)
Q- * Anzio = --- 2clusters
O Castelfusano = 3clusters
o |ACirceo [ N (Tl 4 clusters
— 7| % Coccia di Morto X
X Fregene
I o o Ke] o Q o _| O Nettuno
e5 5 5 5 8 q - B
= 3 < 3 5 )
[SRe] ° =z = .
[ 7] — 01 .
o ] [} '
3 o o '
8 5 )
£ o+ h
a |
0 ;
] |
S Ny e
]
I 2 e
c 9o 3 c 2 o T T T T T T T T T T
2= 2 < g (8} -15 -10 -5 0 5 10 15 20 25 30
[l © . N .
i E % principal axis 1
[5] @
S [&]
o

Fregene —
Nettuno

Coccia di Morto
Castelfusano

Fig. 4 Bar plots for K =2, K =3 and K = 4 showing the assignment values of genetic clusters of Heterobasidion irregulare populations
in Italy (a) and scatterplot based on principal coordinates analysis (PCoA) on isolates data (b). Isolates from different populations
were marked with different symbols. Clusters identified by hierarchical cluster analysis on principal coordinates are shown as groups
of isolates encircled by different borders depending on the number of clusters.

(Gonthier 2010), including Armillaria mellea (Vahl)
P. Kumm. in South Africa (Coetzee et al. 2001) and
Phaeolus schweinitzii in Australia (Simpson & May 2002),
this may be the clearest case of long-distance movement,
establishment and successful invasion of a wood decay
basidiomycete.

As for all biological introductions, a genetic bottle-
neck is inevitable when IFPs are introduced, but the
reproductive biology of the introduced organism, the
history of each introduction and the presence of inter-
fertile native species are all factors that play an essen-
tial role in shaping the nature of the invasion itself and
in affecting our ability to correctly reconstruct the inva-
sion dynamics of the exotic species (Garbelotto 2008).
Cases are known of multiple introductions of the same
pathogen species, but from different source populations
(Dutech et al. 2012). This scenario may lead to the
coexistence of genotypically and phenotypically distinct
populations if sexual recombination is not common,
due to the presence of a single mating type in the zone
of invasion, to a homothallic (i.e. selfing) reproductive
strategy of the invasive species, to environmental con-
ditions or other factors (e.g. viruses) possibly favouring
the expansion of clonal lineages (Dobrowolski et al.
2003; Engelbrecht ef al. 2004; Gordon et al. 2006; Dutech
et al. 2010). Where heterothallism (i.e. outcrossing) and
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multiple mating types are present, the presence of
distinct founder populations can allow for recombina-
tion events that may accelerate the adaptive process of
the invasive species to the new environment (Brasier
2001; Bengtsson et al. 2012). At times, as it has been
recently shown for the Sudden Oak Death pathogen
Phytophthora ramorum Werres, De Cock & Man in 't
Veld, multiple introductions of the same genotype in
distinct locations may lead to the generation of distinct
populations, each derived by the independent genera-
tion of novel successful genotypes in different areas
(Croucher et al. 2013). For IFPs that exclusively repro-
duce asexually in the area of invasion, such as P. ramo-
rum, Ceratocystis platani (J.M. Walter) Engelbr. & T.C.
Harr. or Seiridium cardinale (W.W. Wagener) B. Sutton &
L.A.S. Gibson (Engelbrecht et al. 2004; Della Rocca et al.
2011; Croucher et al. 2013), the microevolution of inva-
sive population can be simply tracked as the result of
genetic divergence of populations due to the accumula-
tion of mutations or somatic recombinations. Con-
versely, reconstructing the history of the invasion of
H. irregulare in Italy is rather complex due to the follow-
ing: (i) the exact source of the invasive population in
the eastern United States is not known, thus a precise
term of reference is lacking; (ii) populations expand
their range exclusively through sexual meiospores, as
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Table 3 Summary of the AMOVA results for the Heterobasidion irregulare populations in Italy

Source of Variation d.f. Sum of squares Variance components % Variation
Among Populations 4 1205.601 9.256 6.30
Within Populations 90 12389.652 137.663 93.70
Total 94 13595.253 146.919
Fixation Index ®sr 0.0630

(P = 0.0429)

Table 4 Pairwise ®sr between populations of Heterobasidion irregulare in Italy. P-value calculated with 10 000 permutations and
marked as significant with an asterisk after Bonferroni correction if P < 0.0051

Fregene-Coccia

Anzio Castelfusano Circeo di Morto Nettuno
Anzio — 0.0482 0.1099 0.0000 0.0000
Castelfusano 0.0482 — 0.2872* 0.0000 0.0000
Circeo 0.1099 0.2872* — 0.1101 0.1050
Fregene-Coccia di Morto 0.0000 0.0000 0.1101 — 0.0000
Nettuno 0.0000 0.0000 0.1050 0.0000 —

also strongly supported by the results of the analysis of
multilocus genotypes in this study; thus, we should
expect high levels of recombination that potentially
may have masked the signature of original founder
individuals; and (iii) high levels of hybridization with
the congener H. annosum may be a source of added alle-
lic diversity that needs to be taken into account in the
analyses.

This study circumvents these three issues through an
integrated approach based on the following strategies:
(i) selection of individuals without any signs of intro-
gression at over 500 AFLP loci combined with the use

0.30
0.25 l**t
0.20 1

0.15 1

0.10 4

0.05

Moran's |

0.00

of sequence loci that can unambiguously be assigned to
H. irregulare for estimates of diversity (Linzer et al. 2008;
Dalman et al. 2010; Gonthier & Garbelotto 2011), while
using SSR loci within ORF reported often to have alleles
that are identical between the two species (Roccotelli
2012) for genetic structure and spatial autocorrelation
analyses. Because the reconstruction of the history of
the invasive population is strongly based on the extent
and distribution of allelic variability within H. irregulare
in Italy, it is essential to first exclude any variability
originated through allelic introgression from H. anno-
sum as that may confound the calculations. Gonthier &

Fig. 5 Spatial autocorrelation analysis of
genetic and geographical distance in
Heterobasidion irregulare. Moran’s I-index
averaged over SSR loci. Dashed lines:
95% CI; *** P <0.001; * P < 0.05. Mean
distances: 0.52, 2.42, 9.72, 29.26, 37.58,
44.53, 46.74, 58.58, 79.91, 91.70 km.
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Garbelotto (2011) have shown that even in individuals
assigned to H. irregulare using over 500 AFLP loci, indi-
vidual genes of H. annosum may be introgressed. Thus,
the use of sequence loci that can be unequivocally
assigned to H. irrequlare is of paramount importance to
ensure diversity estimates are correct. On the other
hand, the current genetic structure of H. irrequlare pop-
ulations is the result of the dispersal and local fre-
quency of both native alleles and alleles introgressed
from H. annosum; hence, the inclusion of both types of
alleles may be informative for that purpose. (ii) The use
of different approaches to estimate diversity may
appear redundant but provides significant confidence to
the interpretation of the data. Based on the life cycle of
the pathogen and on the results of the analysis of mul-
tilocus genotypes, each individual represents a different
genotype; this is true for any study such as this one,
where adjacent trees possibly infected by the same
genotype through vegetative growth (Garbelotto &
Gonthier 2013) were never sampled. However, esti-
mates of haplotype diversity are also a function of the
number and variability of genetic loci utilized in a
study as markers; hence, it is a useful metric to include
as it allows to determine the power of a specific analyti-
cal approach. Haplotype diversity is the measurement
more likely to be affected by intergenic recombination
processes occurring during sexual reproduction, and
thus, it is positively correlated with effective population
size. Differences in values of haplotype diversity could
thus be the result of significant different histories of
populations after establishment, rather than being indi-
cators of the nature of founding individuals. Con-
versely, the gene diversity index is by definition less
sensitive to the pure demographic of an invasive spe-
cies. The generation of a new functional allele is in fact
less likely to occur than the generation of a new unique
combination of alleles necessary to generate a different
genotype. Finally, indices calculated using rarefaction
are useful when sample sizes are small as they prevent
errors due to unequal evenness of alleles in the sample
size (Grunwald et al. 2003).

All indices, including richness estimates based on
rarefaction, indicate Castelfusano and the Circeo to be
the most and least diverse sites, respectively. The two
sites are also the only ones for which pairwise values
of PHIst were significantly different in spite of the fact
they are not the two most distant sites, suggesting that
they may represent the oldest and youngest infesta-
tions in Italy. PHIst values between the Circeo and all
other sites approach significance, possibly indicating a
recent establishment of H. irregulare in the Circeo area
and the lack of sufficient time for the population in
this site to reach equilibrium with populations else-
where.
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Although inferences on the site of introduction based
on genetic diversity may sometimes be erroneous
because high levels of genetic diversity can also result
from the meeting of different introduction waves
(Dutech et al. 2010), further lines of evidence, all discussed
below, suggest the invasion of H. irregulare started in
Castelfusano/Castelporziano and ended in the Circeo.
In agreement with a recent establishment of the pathogen
in the Circeo forest, disease severity is also lowest in
this area (Gonthier et al. 2007). The fact that only the
northern portion of the Circeo forest is colonized by the
exotic pathogen (Gonthier et al. 2012) also indicates that
it may have arrived only recently from the north and
that the time lapsed since its arrival has not been long
enough to allow for the colonization of the entire forest
stand, 7.3 km in length.

Genetic data supporting the pathogen introduction in
Castelfusano/Castelporziano are important as they
would provide strong albeit indirect evidence that the
military can unwittingly introduce a plant pathogen,
maybe by having brought and left infected wood at this
site. The potential of long-distance spread of plant
pathogens through infected wood is a threat discussed
in a recent paper (Vannini et al. 2012), but lacking
concrete evidence in its support.

If we assume a genetic bottleneck in conjunction with
the intercontinental movement of founder H. irregulare
genotypes and lack of massive hybridization with the
native H. annosum during establishment, the first found-
ing H. irregulare population should display diminished
allelic diversity (Nei et al. 1973; Luikart & Cornuet
1998), but should be characterized by an observed
heterozygosity higher than that expected (Luikart et al.
1998). Results of the Bottleneck analysis indicated this
to be the case for Castelfusano, Anzio and Nettuno but
not for the Fregene-Coccia di Morto or the Circeo sites,
also confirming the two latter sites are the result of a
colonization process occurring more recently, when
allelic diversity and heterozygosity levels had had
sufficient time to be balanced.

If infestations are not all started simultaneously, but the
pathogen progressively disperses from an initial infesta-
tion to other sites, the obvious result is that each new
infestation will result in a further reduction in allelic
diversity at a rate that will be difficult to be counteracted
by the relatively slow generation of new diversity through
mutations and recombination events (Nei et al. 1973; Hed-
rick 1999). Our measures of haplotype and genic diversity,
as well as of allelic and private allelic richness, are all in
agreement not with a simultaneous, but with a progres-
sive invasion process starting in Castelporziano and
ending at the Circeo. This hypothesis is supported by the
significant inverse correlation between all diversity
indices and distance from Castelfusano/Castelporziano,
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as displayed by the linear regression analysis. Regressions
calculated assuming other sites as the introduction site
were either not significant or displayed lower R* values
compared with the ones reported in Fig. 2 (not shown).
Incidentally, the severity of symptoms, possibly in direct
correlation with age of each infestation, has been
described following a similar pattern with most severe
symptoms in Castelfusano and least severe symptoms in
the Circeo (Gonthier et al. 2007).

As expected for a sexually reproducing species, the
determination of genetically distinct clusters was not
clearcut. This is in contrast with what has been reported
for clonally reproducing invasive pathogens, such as
P. ramorum, where lack of recombination allows for
new polymorphisms to be tracked and used to recon-
struct the history of the invasion (Croucher et al. 2013).
Both STRUCTURE and PCoA analyses suggested 3 clus-
ters to be the best option, with 2 and 4 as second and
third best, respectively. However, STRUCTURE analysis
also revealed a significant level of admixing, confirming
abundant sexual reproduction among genotypes and
making the precise definition of distinct clusters rather
tentative. Nonetheless, number of alleles found in the
invasive population can also be used to support a
certain number of founder individuals. A maximum of
6 alleles was found per sequenced locus in populations
of H. irregulare in Italy, while 7 alleles were found for a
single SSR locus. These results indicate that 3 or 4
heterokaryotic (n+n) genotypes may have been the source
of the infestation, based on sequence and SSR data,
respectively. However, while all sequenced alleles are
North American in origin (Gonthier & Garbelotto 2011),
SSR alleles may either have been introgressed from
H. annosum or have been generated after the introduc-
tion in Italy (Roccotelli 2012) and thus may incorrectly
inflate the estimate. The determination of an exact num-
ber of clusters or of founder sources is not crucial here,
but their distribution is nonetheless very informative.
The fact that all clusters are present in all locations and
the lack of clusters exclusively found in one or two sites
are two results best explained by the introduction of
genotypes in a single location, followed by their spread
to other locations.

Finally, our comparative analysis between Castelfusa-
no and five populations from eastern North America
showed that for all indices of diversity employed in this
study, two of five sites contained levels of diversity
comparable to those measured in Italy. Such findings
would reinforce the notion that the current infestation
in Italy is the result of an introduction in a single
location from a single source.

Results of the spatial autocorrelation analyses may
provide additional valuable information to estimate the
spread potential of an invasive organism (Fitzpatrick

et al. 2012). Caution should be used when interpreting
these results because of both spurious associations
(Cushman & Langduth 2010) and biases due to sampling
schemes (Vekemans & Hardy 2004). Additionally,
results may be confounded by the fact that not all
populations appear to be at equilibrium, as indicated in
the study of dispersal of the Chestnut blight fungus in
North America (Milgroom et al. 1996). While results
should be interpreted with caution, distances of 500 m
should be regarded as easily crossed by the organism.
It is interesting to note that a recent study on the
patterns of dispersal of the sister taxon H. annosum in the
same region indicated most spore dispersal occurred
within 500 m from a source (Gonthier et al. 2012). Like-
wise, PHIst values confirm the ability of the organism
to cross gaps of 10 km when populations are in equilib-
rium or approach it. Results from the spatial autocorre-
lation analyses suggest that in regions where available
habitats are 500 m—10 km apart (such as the pine stands
stretching from Tuscany to northeastern Spain, or the
Scots pine plantations of central and northern Europe),
the spread rate of the fungus may be higher than the
1.3 km/year estimated by Gonthier et al. (2007) in the
fragmented habitats of the zone of infestation, which is
likely to result in a much faster rate of colonization of
the European continent.

Besides suggesting a potential dispersal range for the
invasive pathogen, this study highlights the presence of
three subtly distinct areas in its zone of infestation: (i)
the zone of initial infestation represented by Castelfusa-
no/Castelporziano and adjoining sites to the south
(Anzio and Nettuno), characterized by an excess hetero-
zygosity as a signature of the founding bottleneck effect
and lack of structure among sites; (ii) the zone of initial
infestation expanded to include Coccia di Morto and
Fregene to the north, in which all populations are also
without structure, but in which the most recent infesta-
tions do not display the characteristic level of excess
heterozygosity; and (iii) the entire zone of infestation
including the southernmost Circeo area, in which habi-
tat fragmentation and/or (more plausibly) lack of equi-
librium due to the recent arrival of the pathogen
currently results in moderate genetic differentiation of
the most recent infestation (Circeo) and lack of bottle-
neck-induced excess heterozygosity. We predict genetic
differentiation between the Circeo and the rest of the
zone of infestation will decrease in time, as populations
reach equilibrium.

We have previously reported that gene introgression
from the native congener H. annosum into the invasive
H. irregulare is massive (Gonthier & Garbelotto 2011):
the combination of smaller vegetation gaps in central
and northern Europe combined with the abundant gene
flow documented in this study may result not only in
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faster spread of the invasive pathogen but also in a
more rapid adaptation to different European habitats,
were it to be fostered by the interspecific introgression
of useful adaptive genes.
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Additional supporting information may be found in the online ver-
sion of this article.

Table S1 Isolates of Heterobasidion irregulare subjected to
sequence analysis and related GenBank accession numbers of
the sequenced loci.

Table S2 Isolates of Heterobasidion irregulare subjected to SSR
analysis, sample locations, and related number of repeats of
the analysed SSR loci.

Table S3 Number of individuals analysed per each genetic
locus and site, and related different alleles detected.

Table S4 Diversity indices calculated per each Italian and
North American Heterobasidion irregulare population.

Fig. S1 Magnitude of delta-K as a function of K (mean £+ SD
over 10 replicates) for K = 2 to 5, calculated with the formula
delta-K = mean|L”(K)|/ SDIL(K)]. A distinct peak at K =3
was indicative that the clustering level K = 3 was optimal.

Appendix S1 R script used to perform principal coordinates
analysis (PCoA), Hierarchical Cluster Analysis (HCA) and ker-
nel density analysis. Instructions on how to run the script are
reported in the script itself with classical notation (i.e. #instruc-
tion#). The content of files necessary to run the program is
reported in paragraphs following the script.



