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Abstract

Understanding the evolutionary histories of invasive species is critical to adopt appropri-

ate management strategies, but this process can be exceedingly complex to unravel. As

illustrated in this study of theworldwide invasion of thewoodwasp Sirex noctilio, popula-

tion genetic analyses using coalescent-based scenario testing together with Bayesian clus-

tering and historical records provide opportunities to address this problem. The pest

spread from its native Eurasian range to the Southern Hemisphere in the 1900s and

recently to Northern America, where it poses economic and potentially ecological threats

to planted and native Pinus spp. To investigate the origins and pathways of invasion, sam-

ples from five continents were analysed using microsatellite and sequence data. The

results of clustering analysis and scenario testing suggest that the invasion history ismuch

more complex than previously believed, with most of the populations being admixtures

resulting from independent introductions from Europe and subsequent spread among the

invaded areas. Clustering analyses revealed two major source gene pools, one of which

the scenario testing suggests is an as yet unsampled source. Results also shed light on the

microevolutionary processes occurring during introductions, and showed that only few

specimens gave rise to some of the populations. Analyses of microsatellites using cluster-

ing and scenario testing considered against historical data drastically altered our under-

standing of the invasion history of S. noctilio andwill have important implications for the

strategies employed to fight its spread. This study illustrates the value of combining clus-

tering and ABCmethods in a comprehensive framework to dissect the complex patterns of

spread of global invaders.
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Introduction

Globalization has resulted in substantially increased

invasion rates during the course of the past 50 years

(Hulme 2009; Richardson 2010). This is of great concern
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because invasive species represent a major threat to bio-

diversity (Simberloff 2000; Clavero & Garcia-Berthou

2005), and they can also result in dramatically negative

economic impacts (Everett 2000; Pimentel et al. 2001).

Retracing the routes of invasions and determining the

source populations of invaded areas define the quality

of management strategies either in the source region,

along the pathways of invasion or at the points of entry

of invaded areas (Hulme 2009).

Identification of source populations and pathways

can be achieved either by direct or indirect methods

(Estoup & Guillemaud 2010; Guillemaud et al. 2010).

Direct methods are based on historical data such as

interceptions at ports and dates of first discovery in

the invaded areas. Indirect methods are based on

molecular analyses of populations from both source

and invaded areas (Estoup & Guillemaud 2010; Law-

son Handley et al. 2011). Where direct methods are

used, it remains difficult to infer the routes of invasion

accurately because the information is invariably incom-

plete, and even where interception records exist, an

introduction will not necessarily result in establishment

and a successful invasion. Indirect molecular methods

have traditionally compared the genetic diversity and

relatedness among populations to retrace the origin

and spread of a species (Guillemaud et al. 2010).

Invaded areas are expected to show lower genetic

diversities than source areas due to founder events

and subsequent population bottlenecks that can occur

during the invasion process (Dlugosch & Parker 2008).

However, this assumption is not always appropriate

because multiple introductions can result in introduced

populations being genetically more diverse than the

source populations (Kolbe et al. 2004; Roman & Dar-

ling 2007). Furthermore, traditional genetic methods do

not take into account the stochasticity of the demo-

graphic and genetic processes involved (Lawson Hand-

ley et al. 2011) and they do not reflect the existence of

putative unsampled populations that could be the true

source of invasive populations.

Recently developed methods using Approximate

Bayesian Computation (ABC, Beaumont et al. 2002) and

coalescent theory make it possible to test complex

demographic scenarios and to estimate the likelihood of

each scenario (Beaumont 2010; Bertorelle et al. 2010;

Csillery et al. 2010). These methods also allow for the

incorporation of historical data such as the dates of first

observation in an invaded area. It is consequently possi-

ble to hypothesize several scenarios with putative

routes of introduction, source populations and genetic

make-up of invasive populations and to statistically test

for the most likely scenario (Estoup & Guillemaud 2010;

Guillemaud et al. 2010). Such ABC scenario testing has

recently made it possible to determine the routes of

introduction of a number of invasive species, revealing

in some cases multiple introductions (Miller et al. 2005),

the presence of unsampled populations in the genetic

make-up of populations in invaded areas (Zepeda-

Paulo et al. 2010) and bridgehead effects, where an

invasive population is the source for further invaded

areas (Lombaert et al. 2010; Ascunce et al. 2011). Indirect

methods can also reveal the microevolutionary pro-

cesses involved in a successful introduction. For

instance, a recent study of the introduced Bombus popu-

lations in New Zealand (Lye et al. 2011) showed that as

few as two specimens of B. subterraneus constituted the

founder population for a successfully established inva-

sion. Such genetic inference can also enable studies that

seek to understand the effect of bottlenecks on popula-

tion genetic diversity and the role of these processes on

invasion success (Facon et al. 2011b).

Sirex noctilio Fabricus (Hymenoptera, Siricidae) is an

invasive woodwasp species originating from Europe,

northern Asia and northern Africa (Spradbery & Kirk

1978) that has spread around the world during the course

of the last century. Sirex populations remain at low den-

sity in the native range and the insect is, therefore, con-

sidered as a secondary pest (Hall 1968; Wermelinger &

Thomsen 2012). This is in contrast to the invaded areas,

where the insect populations are large and they have

resulted in serious and damaging outbreaks (Hurley et al.

2007; Corley & Villacide 2012). Such invasive population

outbreaks have often been explained by the enemy

release hypothesis (Keane & Crawley 2002; Hurley et al.

2007). The newly invaded areas are unlikely to host the

natural enemies (parasites and predators) of the pest,

and the population dynamics are freed from the usual

natural regulation in the native range. S. noctilio has a

symbiotic relationship with the fungus, Amylostereum

areolatum (Slippers et al. 2003) that decomposes the wood

and provides food for the wasp larval stage, which can

result in further wood loss.

The global spread of S. noctilio began in the Southern

Hemisphere, where it was first recorded in New Zea-

land around 1900 (Miller & Clark 1935). Subsequently,

the wasp spread to Tasmania (1951) and soon after that

to mainland Australia in 1961 (Carnegie et al. 2005). In

the 1980s, S. noctilio was recorded in South America:

Uruguay (1980, Rebuffo 1988; Maderni 1998), Argentina

(1985, Klasmer et al. 1998; Klasmer & Botto 2012), Brazil

(1988, Iede et al. 1988) and in Chile (2001, SAG 2001;

Beèche et al. 2012). In South Africa, the pest was first

detected in 1994 in the Western Cape (Tribe 1995) and

it then spread slowly eastwards, through the Eastern

Cape (2002) and more recently to Kwazulu-Natal,

Mpumalanga and Limpopo (Hurley et al. 2007; Hurley

unpublished). The North American continent was last

to be invaded, with a first detection of S. noctilio in
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New York State in 2004 (Hoebeke et al. 2005) and subse-

quently in Canada in 2005 (Bergeron et al. 2008).

Apart from the first records of S. noctilio in newly

invaded countries, additional information has been

gained through studies on the population structure of the

symbiotic fungus A. areolatum. Slippers et al. (2002) used

RFLP analyses of the nuclear intergenic spacer region

(IGS) of the rDNA operon to show that the spread of the

wasp within the Southern Hemisphere was probably

confined to the Southern Hemisphere countries, with no

additional introductions from Europe. Analyses of vege-

tative compatibility groups showed similar results and in

particular that isolates from South America and South

Africa shared a common origin (Slippers et al. 2001).

Overall, introductions appear to have occurred serially

from one Southern Hemisphere country to another (from

Oceania to South America and from there to South

Africa) rather than via distinct independent introductions

from Europe. More recently, Nielsen et al. (2009) used the

IGS rDNA of A. areolatum from Canada to show that the

Canadian genotypes were more similar to those from

Europe than to the Southern Hemisphere genotypes, sug-

gesting that Europe was the source of the North Ameri-

can invasion. However, Bergeron et al. (2011) showed

that one of the A. areolatum multilocus genotypes

retrieved from the Great Lakes area (Canada) was shared

with Chile and South Africa, whereas the other was from

an unknown source. This suggests introductions from

the Southern Hemisphere to North America and the

putative existence of unsampled populations participat-

ing in the global spread of the pest.

The historical records of first observations together

with the conclusions derived from the genetic analyses

of the S. noctilio–A. areolatum complex make it possible

to establish hypotheses regarding the putative routes of

introduction that can be tested. The aim of this study

was thus to test these hypothesized routes of introduc-

tion for the worldwide spread of S. noctilio. In particu-

lar, we aimed to identify the source populations of the

global invasion and the number of founder specimens

involved in the establishment of the invasive popula-

tions. To achieve these goals, 14 recently developed

microsatellites markers (Santana et al. 2009) and

sequences of the mitochondrial Cytochrome Oxidase

subunit I gene (COI) were used to assess population

genetic diversity and relatedness. Apart from traditional

analyses, the microsatellite data set was also analysed

in a coalescent framework using approximate Bayesian

computation that allows statistical testing of distinct

scenarios (Cornuet et al. 2008, 2010). The results

revealed a much more complex scenario than previ-

ously believed, illustrating the importance and power

of the combined approaches used in this study to better

understand and manage the increasing threat of invasive

organisms in general, and pests in particular, world-

wide.

Material and methods

Sampling

A total of 477 Sirex noctilio specimens were sampled

from five continents both in the source (Eurasia) and

the invaded regions (details of samples are given in

Table 1 and Fig. 1). The native geographical distribu-

tion of S. noctilio is presented on Fig. 1. Sample sizes

were low for European countries due to the low densi-

ties of populations in these countries and the resulting

difficulty to obtain specimens. In contrast, sample sizes

for invasive populations displaying outbreaks were

substantially higher. In the native area, no samples

from Northern Africa and almost no sample from Asia

could be obtained. The native population is therefore

mostly represented by European samples. A number of

specimens were from museums or private collections

and were dry (as opposed to other specimens pre-

served in ethanol). The dried samples included 10 Ger-

man specimens, four French specimens, two Russian/

Mongolian samples and five samples from Finland.

Specimens are deposited in the Forestry and Agricul-

tural Biotechnology Institute (University of Pretoria,

South Africa) Siricid collection.

Molecular analyses

DNA was extracted from pieces of muscle from the tho-

rax/abdomen junction or in the case of museum speci-

mens, from a single leg. The PREPGEMTM insect DNA

extraction kit (ZYGEM, New Zealand) was used and the

manufacturer’s protocol was followed.

Mitochondrial gene. A portion of the 5′ end of the Cyto-

chrome Oxydase subunit I (COI) mitochondrial gene was

amplified using COI-hymF (5′-CGG CGC CAT TTA TAA

TTG GAG GWT TTG GWA A-3′) and COI-hymR (5′-

GCA CCG ACT GCT CCT ATA GAT AAA ACA TAR

TGR AA-3′). These primers were specifically designed

for this study following the approach described in Hoa-

reau & Boissin (2010) and based on the available mito-

chondrial genomes of Hymenoptera retrieved from the

GenBank database (see Table S1, Supporting informa-

tion). This set of primers should, therefore, be useful for

any species belonging to Hymenoptera. These primers

frame a fragment of about 900 bp of the COI gene. Addi-

tionally, because the long COI fragment could not be

amplified for themuseum specimens, internal primers specific

to S. noctilio were designed to amplify shorter (300 bp) COI

© 2012 Blackwell Publishing Ltd
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fragments from dried specimens (300F: 5′-CCTGT TCT

TGCTGGAGCAATCAC-3′; 300R: 5′-GTGATT GCTC CAGC

AAGAACAGG-3′; 600R: 5′-CGCGGCCAACAGTAA ATA-

TATGATGAGCTC-3′). Previously obtained sequence data

(Slippers, unpublished)were also added to this data set.

PCR amplifications were performed in a 15 lL vol-

ume containing: 1.5 mM of MgCl2, 0.2 mM of each

dNTP, 1X final concentration of buffer, 0.5 lM of each

primer, 0.25 unit of FastStart Taq DNA Polymerase

(Roche®), 1.5 lL of DNA template and sterile water up

to 15 lL. The PCR cycling parameters were as follows:

4 min of denaturation at 95 °C followed by 40 cycles of

(i) denaturation at 94 °C for 45 sec, (ii) annealing at 50 °

C for 60 sec and (iii) extension at 72 °C for 80 sec; com-

pleted with a final extension step at 72 °C for 4 min.

PCR products were run on 1.5% agarose gel to check

for correct amplification and cleaned using the Sepha-

dex® protocol (Sigma-Aldrich). The sequencing PCR

was performed in 10 lL containing 1 lL of the PCR

product, 0.7 lL of Big Dye® Terminator v3.1 (Applied

Biosystems), 2.5 lL of sequencing buffer (provided with

Big Dye®), 1 lL of the primer and 4.8 lL of Sabax®

sterilized water (Adcock Ingram). Cycling parameters

were as follows: 15 sec at 96 °C, 15 sec at 59 °C and 4 min

at 60 °C, repeated 25 times. The resulting products were

once again cleaned using the Sephadex® protocol (Sigma-

Aldrich) and sent for sequencing to a partner laboratory

(DNA sequencing facility, Faculty of Natural and Agricul-

tural Sciences, University of Pretoria).

Nuclear markers. A total of 14 recently developedmicrosatel-

lite markers (Santana et al. 2009) were used in this study.

PCRswere carried out in 11 lL using 4.5 lL of QIAGENMulti-

plex PCR master mix, 2.3 lL of RNase free water (provided

with theQIAGENmastermix), 0.20 lL of each primer (at a con-

centration of 0.5 mM) and 1 lL of DNA template. Two panels

of eight and six primer pairs, respectively, were run for each

specimen. Cycling parameters were as follows: 15 sec at 95 °

C, 60 sec at 94 °C and 90 sec at 60 °C, repeated 50 times. PCR

products were run on 1.5% agarose gels and prepare for

GeneScan (9 lL of a solution containing formamide and

1:1000 Liz500 size standard (Applied Biosystems) together

with 1 lL of PCR product). PCR products were run on an

ABI3100 DNA analyser to determine DNA sizes (DNA

Table 1 Sampling details of the Sirex noctilio specimens analysed in this study

Continent Country Locality and/or Coordinates

Sampling

year N N female N male

North America Canada South East Ontario (Great Lakes area) 2010 49 (18) 49 –

USA New York State 2006 5 (1) 5 –

sub-TOTAL 54 54 –

Europe/Asia Switzerland Valais (cf. Wermelinger et al. 2008) 2001–2004 101 (14) 71 30

Germany Berlin, Stuttgart 1993 10 (3) 6 4

France Anglet, Villes-sur-Auzon,

Bosmie-l’Aiguille, Meolans-Revel

1995–2004 4 (2) 4 –

Greece Vitina, Peloponissos 2004 2 2 –

Spain Muxica (Biscay Province, Basque Country) 2004–2011 5 (2) 3 2

Czech Republic Trebic 49°05′43″N/15°57′53″E 2007 3 3 –

Finland Helsinki 1921–1961 5 5 –

Russia &Mongolia Moscow/NE Ulanbaatar – 5 5 –

sub-TOTAL 135 99 36

South America Argentina Patagonia, Inta 41°07′80″S/71°16′10″W 2004 82 (14) 72 10

Chile La Union 40°17′0″S/73°05′0″W 2006 30 (22) 18 12

Uruguay Tacuarembó 31°42′51″S/55°58′57″W 2006 11 (1) 7 4

sub-TOTAL 123 97 26

Oceania New Zealand North Island 38°36′11.81″S/176°34′39.18″E 2009 25 25 –

Australia New South Wales (Tumut, Tumba, Bombala) 2004 40 (15) 20 20

sub-TOTAL 65 45 20

Africa South Africa Ngome (Natal) 2007 12 12 –

Midlands (Natal) 2005–2006 44 (13) 12 32

Western Cape 2004 23 (6) 14 9

Eastern Cape 2005–2006 21 (2) 3 18

sub-TOTAL 100 41 59

TOTAL 477 336 141

N = number of samples analysed with the microsatellite markers. Numbers in parentheses are the number of samples also analysed

at the mitochondrial Cytochrome Oxydase subunit I (COI) gene.
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sequencing facility, University of Pretoria). GENEMARKER
®

v1.90 (SoftGenetics LLC®) was used to score alleles and geno-

type specimens.

Data analyses

Mitochondrial data. Sequences were aligned in Bioedit (Hall

1999) and manually checked. Haplotype and nucleotide

diversity indices along with their standard deviations were

calculated in DnaSP v5.10 (Librado&Rozas 2009). To investi-

gate the relationships between populations, haplotype net-

workswere reconstructed usingNetwork v.4.6 (www.fluxus-

engineering.com). As the COI fragments amplified for

museum specimens and previously obtained sequences were

short, two distinct haplotype networks were built. One

encompassed the specimens forwhich 818 bp could be recov-

ered and a second included all the specimens. For the latter

network, the longer COI sequences were cut to match the

shorter fragments (444 bp).

Microsatellites data. Because of the haplo-diploid life

cycle of the species, some analyses were only run on

the female data set, when the software could not

handle haploid data (e.g. GENETIX). However, other

software could handle simultaneously the diploid

females and the haploid males (Structure and DI-

YABC) and the whole data set was therefore used.

Genetic diversity. The genetic diversity of each sample

was estimated by calculating the unbiased expected het-

erozygosity (HE, Nei 1978) and the total number of alleles

(A) in GENCLONE (Arnaud-Haond & Belkhir 2007) and the

mean number of alleles (mean A, for females only) in GE-

NETIX v.4.05.2 (Belkhir et al. 2004). Additionally, in GEN-

CLONE, a rarefaction method allows for comparison of the

number of alleles, the number of multilocus genotypes

and heterozygosity among samples with different sample

sizes (As, MLGs and HEs respectively). The three parame-

ters As, MLGs and HEs were compared for a standard size

of 41 females corresponding to the sample with the lowest

number of females (South Africa) and for a standard size

of 20 males corresponding to the smallest male sample

(Oceania).

Genetic relatedness. The genetic relatedness of popula-

tions was assessed using two methods: Factorial Corre-

Fig. 1 Map of collection sites of Sirex noctilio samples analysed in this study. The native area of S. noctilio is indicated by the outlined

shadow area of the central map and is based on Carnegie et al. 2006. Dates are indicative of the first detection of the pest in each country.

© 2012 Blackwell Publishing Ltd
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spondence Analysis (FCA) available in GENETIX and

Bayesian clustering using STRUCTURE v.2.3.3 (Pritchard

et al. 2000). The FCA is a multivariate analysis based on

distances between multilocus genotypes of individuals

and does not make any assumption on the underlying

population genetic model. STRUCTURE, on the other hand,

tries to minimize the Hardy–Weinberg Disequilibrium

and Linkage Disequilibrium within clusters to find the

most likely number of clusters in a data set. The FCA

was conducted on females only because the software

accepts only diploid data. This analysis was carried out

on the genotypic data using both individuals and popu-

lations as centres of inertia. STRUCTURE was used to esti-

mate the number of populations (K) most likely present

in the samples. To control for any potential biases

related to the haplo-diploid life cycle of the species, sev-

eral analyses were conducted. These were (i) on the

whole data set (considering males as diploid and cod-

ing the second allele of males as missing as advised by

the program developer, 477 specimens); (ii) on the

female data set alone (336 specimens); and (iii) on the

male data set alone (coded as haploid; 141 specimens).

After the first batch of runs and following the upper-

most level of clustering (see Results), the whole data set

was further investigated by running additional analyses

on each cluster separately to search for any more subtle

sub-structuring. After several attempts and comparisons

of likelihood, the parameters were set assuming admix-

ture and a correlated allele frequency model. Sampling

locations were not used as priors but the results were

similar when using locations as priors (data not shown).

The burn-in length was set to 100 000 and the simula-

tions to 100 000 repetitions. Each run was iterated 15

times. To determine the most probable partition of the

data, K was determined using the DK approach (Evanno

et al. 2005) as implemented in the recently developed

CORRSIEVE software (Campana et al. 2011).

Scenario testing. The software DIYABC (Cornuet et al.

2008, 2010) was used to discriminate between distinct

possible introduction routes of the woodwasp S. noctilio

across the world and from the Eurasian source. Because

as many as 120 scenarios (5! = 5*4*3*2) can be tested

with five populations, this number was narrowed down

using both the known historical dates of the first record

in invaded countries and hypotheses emerging from

previous genetic studies of the symbiotic fungus

A. areolatum (see Introduction). Additionally, because of

the clustering analyses revealing two distinct gene pools

(see Results), the scenario testing was applied on the

two clusters separately.

Regarding cluster 1, a total of 11 distinct scenarios

were considered (Figs 2A and S1, Supporting informa-

tion). Scenarios 1 and 2 involve four independent intro-

ductions from Europe. However, in scenario 2, all the

populations are admixed between Europe and another

source, whereas in scenario 1, there is no admixture.

Scenarios 3, 4 and 5 each involve three independent

introductions from Europe. Scenarios 6, 7 and 8 involve

two independent introductions from Europe. Scenarios

9, 10 and 11 involve a single introduction from Europe

followed by subsequent serial introductions among

countries in the invaded range. These scenarios differ in

the number of admixed populations and the sequence

of introduction. Regarding cluster 2, eight distinct sce-

narios were tested (Figs 2B and S1, Supporting informa-

tion) with a special emphasis on the Switzerland

sample due to its differentiation from the rest of Europe

in the Structure plot. In particular, an unsampled popu-

lation was added in scenarios 17, 18 and 19 to test for

an unknown source of the second gene pool.

For both sets of analyses, prior distributions were

uniform and defined as follows: 10 < N < 10000;

1 < Nf < 100; 5 < db < 25; 1 < t1 < t2 < t3 < t4 < 100; ‘N’

being the effective population size, ‘Nf’ being the effec-

tive number of founder specimens, ‘db’ being the bot-

tleneck duration in generations and ‘t’ the time in

generations. Priors were deliberately defined broadly

because no prior information exists. Default values of

prior distributions of the different parameters for the

mutation model of the microsatellites were used. The

mutation model was therefore the Generalized Stepwise

Mutation model (Estoup et al. 2002) with a uniform

prior distribution for the mean mutation rate (1E�4 to

1E�3) and a uniform prior distribution for the parame-

ter of the geometric distribution (1E�1 to 3E�1). The

‘one sample summary statistics’ used were the mean

number of alleles, the mean genic diversity and the

mean size variance. The ‘two sample summary statis-

tics’ used were the same as the ‘one sample summary

statistics’ together with FST. For each scenario, between

600 000 (for scenarios of cluster 1) and 1 000 000 (for

scenarios of cluster 2) simulated data sets were created.

Prior-scenario combinations were evaluated by perform-

ing a PCA as implemented in the software. Posterior

probabilities of scenarios were compared using a logis-

tic regression as implemented in the software and using

the 1% closest simulated data sets. Results were similar

when using more or less closest data sets (e.g. 0.1%,

2%, 5%, data not shown) or when running a pre-pro-

cessing step (Linear Discriminant Analysis) on the sum-

mary statistics before computing the logistic regression

(Estoup et al. 2012; data not shown). Estimations of

parameters were also computed. The performance of

parameter estimations was assessed by computing the

relative bias and the relative root mean square error

(available in the software), using the mode as point esti-

mate and 500 test data sets.
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Results

Haplotype networks

A total of seven haplotypes were recovered from the 50

specimens analysed for the long fragment (818 bp;

Fig. 3A), and seven haplotypes were recovered from the

113 specimens analysed for the shorter fragment (444 bp;

Fig. 3B). Haplotype and nucleotide diversities were very

low [Hd = 0.656 (SD = 0.054) and Pi = 0.00147 (SD

= 0.00014), Hd = 0.657 (SD = 0.028) and Pi = 0.00183

(SD = 0.00013), for the long and short fragments respec-

tively]. The total number of variable sites was five for the

short fragment and six for the long fragment. Haplotypes

did not cluster by geography or by the gene pools (Fig. 3)

defined by the Structure analysis (Fig. 5A). The dominant
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Fig. 2 Schematization of the routes of introduction and genealogy of scenarios under a coalescent framework such as implemented

in the software DIYABC. (A) Example of three contrasting scenarios for cluster 1. N1–N5: effective population sizes for populations 1

–5. Nf2–Nf5: effective number of founder specimens for invasive populations 2–5; (B) Example of three contrasting scenarios for clus-

ter 2. N1–N3: effective population sizes for populations 1–3. Nf1 to Nf3: effective number of founder specimens for invasive popula-

tions 1–3. The letters a, b, c and d indicate the sequence of the invasion (‘a’ first, followed by ‘b’, etc.).
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haplotype on Fig. 3B was shared by all the countries/

continents except Switzerland.

Genetic diversity

The European female sample showed the highest values

of mean number of alleles (A), total number of alleles

and total number of alleles for the standard size com-

parison (Table 2A). However, the South America female

sample showed the highest multilocus genotype num-

ber and the highest heterozygosity value. The male data

set provided the same results except that South Amer-

ica also had the highest total number of alleles

(Table 2B). Samples from South Africa and Oceania

always showed the lowest values of genetic diversity in

both data sets, whereas those from Europe, South

America and North America showed highest values.

Allele frequencies for each female population are pro-

vided in Table S2 (Supporting information). The total

number of alleles across populations was 94 and 26

were occurring in a single population (i.e. private

alleles, see Table S2, Supporting information).

Genetic relatedness

Only females were considered in the FCA because the

GENETIX software considers only diploid specimens

(Fig. 4). The first axis distinguished samples from clus-

ter 1 and cluster 2 defined by the Structure results (see

below). The second axis distinguished North America

from the rest of cluster 1. The third axes discriminated

South Africa from the rest of cluster 2. This latter axis

also helped to distinguish within cluster 1 between Oce-

ania (Australia and New Zealand) and South America

(Argentina, Uruguay and Chile), but with some overlap

between them.

The uppermost level of differentiation in the Struc-

ture plot was found to be K = 2 clusters when

considering the whole data set (Fig. 5A). Noticeably,

samples from Europe were divided among the two

clusters with most of the samples grouped in one clus-

ter (cluster 1) except for Switzerland that formed a sep-

arate cluster (cluster 2). Most of the samples from Chile

and from South Africa clustered with the Switzerland

sample in cluster 2. For South Africa, however, most of

the samples from Western Cape, the area of first intro-

duction, belonged to cluster 1. Therefore, both samples

from South Africa and South America represent a mix-

ture of the two clusters. The rest of the samples (Oceania,

North America and South America) clustered with the

European samples in cluster 1.

When considering the two clusters separately and

running further Bayesian clustering analyses (Fig. 5B),

cluster 1 showed a further subdivision into three

subgroups and cluster 2 showed a further subdivision

into two subgroups. Within cluster 1, most of the sam-

ples from Europe, Argentina and Uruguay group

together (dark orange cluster). Samples from South

America resided in all three clusters. Samples from

North America resided in a cluster on their own

(A)

(B)

Fig. 3 Haplotype networks of the Cyto-

chrome Oxydase subunit I (COI) mito-

chondrial gene. (A) for the entire

fragment (818 bp, 50 specimens); (B) for

the shorter fragment (444 bp, 113 speci-

mens). Circle sizes are proportional to

the number of sequences per haplotypes.

Colours correspond to localities on the

left graphs and clusters on the right

graphs. Following the Structure results,

Switzerland and the rest of Europe are

considered separately.
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together with specimens from Europe (light yellow clus-

ter). Samples from Oceania (Australia and New Zea-

land) clustered with South Africa and Chile (medium

orange cluster). New Zealand samples were, however,

more diverse than those from Australia and showed all

three clusters. In cluster 2, Chile and Switzerland sam-

Table 2 (A) Summary statistics of the 336 Sirex noctilio females; (B) summary statistics of the 141 S. noctilio males

(A) Females N Mean A AT AS MLGT MLGS HET HES

Europe 99 5.5 104 78.93 (0.81) 78 35.08 (0.19) 0.43 0.42 (0.003)

North America 54 3.28 59 56.14 (0.15) 51 39.27 (0.08) 0.42 0.40 (0.001)

South America 97 5 95 74.79 (0.51) 97 41 (0.00) 0.49 0.48 (0.002)

Oceania 45 2.79 57 55.6 (0.17) 37 34.29 (0.09) 0.34 0.34 (0.001)

South Africa 41 2.5 46 46 23 23 0.34 0.34

(B) Males N AT AS MLGT MLGS HET HES

Europe 36 37 31.78 (0.30) 15 10.85 (0.14) 0.24 0.24 (0.003)

South America 26 46 42.94 (0.16) 25 19.42 (0.05) 0.41 0.40 (0.001)

Oceania 20 19 19 9 9 0.13 0.13

South Africa 59 30 26.14 (0.18) 21 9.98 (0.17) 0.18 0.18 (0.003)

N = number of specimens, A = number of alleles, MLG = multilocus genotypes, HE = unbiased heterozygosity, the T in indices refers

to the total sample size, the S in indices refers to the re-sampling procedure (considering only 41 specimens per samples for females

and 20 specimens per samples for males); values between parentheses are standard deviations.
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1-NAm

1-Aus

1-NZe

1-RSA

1-Arg

1-Chi

1-Uru

2-Swi

2-RSA

2-Chi

Axis 1

A
x
is

 2
A

x
is

3
 

1-Eur

1-NAm

1-Aus

1-NZe

1-RSA

1-Arg

1-Chi

1-Uru

2-Swi

2-RSA

2-Chi

Fig. 4 Factorial Correspondence Analysis

on the female data set of Sirex noctilio

(N = 336). Samplesare split in cluster1 (1-fol-

lowed by a 3 letter code) and cluster 2 (2-fol-

lowed by a 3 letter code). 3 letter codes are as

follows: Eur = Europe (without Switzer-

land), Swi = Switzerland, NAm = North

America,Aus = Australia,NZe = NewZea-

land, RSA = South Africa, Arg = Argentina,

Chi = Chile,Uru = Uruguay.
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ples grouped together, while samples from South Africa

belonged to a separate sub-group (Fig. 5C).

When considering males and females separately, the

results were equivalent. The female data set had a most

likely number of clusters of K = 2, showing the same

clustering as the whole data set (Fig. S2A, Supporting

information). For the male data set, a most likely num-

ber of clusters of K = 4 was found (Fig. S2B, Supporting

information) and this also corresponds to the same par-

tition as the whole data set with two sub-groups within

each cluster. The third group of cluster 1 was absent

because no male was analysed from North America.

Scenario testing

In the scenario testing analyses and when considering

only cluster 1 (275 specimens, five populations), the

scenario with the highest likelihood was scenario 5

(Fig. 6A). In this case, there were three independent

introductions from Europe together with serial introduc-

tions within the Southern Hemisphere and to North

America. North America appeared to be represented by a

mixture of specimens from Europe and South America.

South Africa represented an admixture from Oceania

and South America. South America represented a mix-

ture of specimens from Oceania and Europe.

When considering cluster 2 (202 specimens, three popu-

lations), the scenario testing revealed that samples from

Switzerland, Chile and South Africa most likely origi-

nated via introductions from an unsampled population

(Fig. 6B). Scenario 19 was the most likely, with two inde-

pendent introductions into South Africa and Chile from

the unknown source followed by a serial introduction

from Chile into Switzerland rather than another indepen-

dent introduction from the unsampled population into

Switzerland (as in scenario 17).

The estimation of the effective number of founders

for each population within each cluster (Nf; Fig. 6)

appeared to be robust as the biases indices for each

parameter are close to 0 (Table S3, Supporting informa-

tion). The effective number of founders in cluster 2

varied from 3 to 74 and the ones for cluster 1 varied

from 15 to 73 (Fig. 6).

The inferred routes of introduction resulting from

both the clustering analyses organized by continent and

the scenario testing are summarized in Figure 7.

(A)

(B) (C)

Fig. 5 Bayesian clustering analysis: (A) on the whole data set (N = 477); (B) on cluster 1 (N = 275); (C) on cluster 2 (N = 202). Each

vertical column represents a specimen. Continents are indicated below the plots, sampling localities are indicated above the plots

and are delimited by black vertical lines. Locality codes as in Fig. 4 with the addition of USA = United Stated of America,

Can = Canada, WCa = Western Cape, ECa = Eastern Cape, Nat = Natal, Ngo = Ngome.
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Discussion

This study illustrates the complementarity of using tradi-

tional genetic tools and newly developed methodologies

when investigating routes of invasion. This provides a

robust statistical framework enabling to discriminate

between different hypothesized scenarios. Analyses of a

large number of samples from five continents with poly-

morphic microsatellites (and COI sequences) provided sub-

stantial insight into the probable routes of invasion of

S. noctilio and they also revealed various unexpected results.

The genetic make-up of most of the samples was much

more complex than formerly believed and populations in

most continents appeared to be the products of admixture

from several sources. Particularly, two distinct source areas

appear to account for the spread of the pest (Europe and an

unknown source) and European pines could for the first

time be considered threatened by Sirex noctilio invasion.

Multiple origins of threat: unexpected detection of two
distinct gene pools and the existence of an unsampled
source population

Clustering analyses unexpectedly revealed the presence

of two distinct gene pools in the data set (herein referred

to as cluster 1 and cluster 2, Fig. 5). Cluster 1 was pre-

dominant and was recovered from all populations except

that from Switzerland. Cluster 2 was recovered only from

(A)

(B)

Fig. 6 Logistic regression plot showing the Posterior Probability of each scenario from the DIYABC analysis. The most likely scenario is

shown as a reminder on the right side of the logistic regression plot (pop1 = Europe, pop2 = North America, pop3 = South Africa,

pop4 = South America, pop5 = Oceania in panel A and pop1 = Switzerland, pop2 = South Africa and pop3 = Chile in panel B). The

graphs below show the Posterior Probability (y-axis) of estimates of the effective number of founders (Nf, x-axis) for each population. (A)

for cluster 1 and (B) for cluster 2.
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Switzerland, South Africa and Chile. Further scenario

testing on the second gene pool revealed that an unsam-

pled source population is most likely to have been

involved in the overall genetic make-up (scenario 19,

Figs 2B and 6B) and Switzerland has been invaded by

specimens from this cluster. Recognition of the Switzer-

land population as ‘introduced’ was surprising because

S. noctilio is native in Europe. The population, however,

represents a genetic make-up completely different from

all the other surrounding populations sampled in Eur-

ope, which all resided in cluster 1. Furthermore, this pop-

ulation is exceptional as it was sampled from an area

where the S. noctilio population increased unexpectedly

during a period of drought-induced pine decline in the

early 2000s (Wermelinger & Thomsen 2012). Populations

in Europe do not usually result in outbreaks as their

numbers are regulated by predators and parasitoids, as

well as host and other factors with which they have co-

evolved. Conversely, invasive populations are released

from their natural enemies in their new environment and

can undergo rapid and unregulated population growth

(Keane & Crawley 2002). S. noctilio is, however, native to

Europe and natural enemies must, therefore, be present

in Switzerland. The population of natural enemies might,

for various reasons, have not matched to the sudden out-

break of the S. noctilio population, as already seen in gall

wasps (Schonrogge et al. 2006). In any case, the genetic

data presented in this study support a non-native origin

of the Switzerland population. This suggests that Europe

should not be ignored in terms of invasion by S. noctilio

from other areas. At the same time, this species is native

and, thus, probably much more firmly embedded in a

regulating environment than in areas of introduction

where the species was previously absent.

Fig. 7 Summary of the Bayesian clustering analyses per continent and schematization of the worldwide spread of Sirex noctilio

inferred from this study. The letters a, b, c and d indicate sequence of invasion (‘a’ first, followed by ‘b’, etc.) for cluster 1 and e, f

indicate sequence of invasion (‘e’ first, followed by ‘f’) for cluster 2.
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The abundance of the second gene pool in most of the

samples from South Africa could explain the poor results

obtained with the biological control of S. noctilio, using the

entomopathogenic nematode Deladenus siricidicola, in these

areas (Hurley et al. 2007; Slippers et al. 2012). Indeed, the

selected nematode strain used in biological control pro-

grammes across the Southern Hemisphere was selected

from Australia and could, therefore, be unsuitable as our

study revealed only the presence of cluster 1 in Australia.

Genetic analyses revealed that these biological control pop-

ulations from the Southern Hemisphere are exceptionally

homozygous (Mlonyeni et al. 2011). Earlier studies have

suggested that nematode–wasp interactions might be co-

evolved and specific to certain regions or populations

(Bedding 1984). For instance, a strain of the nematode used

in experiments could sterilize an Australian population of

S. noctilio, but not a Belgian population of the wasp. Fur-

ther laboratory experiments are required that would focus

on developing a strain of D. siricidicola efficient against the

second gene pool.

The likelihood of an unsampled source population

for global invasive populations of S. noctilio was also

recently suggested in a worldwide study on the fungal

symbiont of the wasp, A. areolatum (Bergeron et al.

2011). The authors reported a multilocus genotype

(MLG) that did not match with any MLG from Europe

or invaded areas around the world included in that

study. A potential unsampled source of the spread may

be other native areas of S. noctilio: Asia or northern

Africa. Further sampling in these regions would help to

clarify the source area of this genetic cluster 2.

The worldwide routes of introduction of S. noctilio

The presence of two potential sources for the S. noctilio

invasion complicates clarification of the pathways of

introduction of the pest. Two invasion histories

occurred in parallel, the one represented by cluster 2

and the other by cluster 1. Regarding cluster 2, the

most likely scenario (scenario 19, Fig. 2B, Fig. 6B)

involves an independent introduction to South Africa

from an unsampled population and a second indepen-

dent introduction into Chile, followed by a serial intro-

duction from Chile to Switzerland. These results reflect

the FCA and the clustering analysis that revealed a

close relationship between populations from Switzer-

land and Chile (Figs 4 and 5B). This route of invasion

appears to be quite recent given that Chile was invaded

around 2001 (SAG 2001). In Switzerland, S. noctilio was

favoured by a drought period in the early 2000s (Wer-

melinger & Thomsen 2012) and the regions of South

Africa where this cluster 2 occurred (Eastern Cape and

Natal) were also colonized after 2001 (Hurley et al.

2007).

The most likely scenario regarding invasion of clus-

ter 1 (Fig. 6A) emerged as a complex situation involv-

ing three independent introductions from Europe and

the admixture nature of three populations. South

American and South African populations are admix-

tures from Europe and Oceania and from Oceania

and South America respectively. Bayesian clustering

revealed a similar situation where (i) serial introduc-

tions within the Southern Hemisphere were probable

as New Zealand, Australia, South Africa and Chile

belong to the same sub-cluster and (ii) independent

introductions from Europe to Argentina and Uruguay

were probable as they belong to the same sub-cluster.

Those two analyses, therefore, confirmed the spread

within the Southern Hemisphere hypothesized by

Slippers et al. (2002). However, they also suggest mul-

tiple introductions of the invaded areas due to inde-

pendent introductions from Europe. The invasive

North American population was also an admixture

composed both of specimens from Europe and South

America. This result is similar to that of Bergeron

et al. (2011) who found that 26% of their A. areolatum

samples from Canada belonged to a given MLG

shared with Chile and South Africa. This supports

the view that some introductions from the Southern

Hemisphere into the Northern Hemisphere occurred.

The results of this study show that the global path-

ways of introduction for S. noctilio are much more

complex than previously assumed (Fig. 7). This is

especially true regarding the fact that there have been

two source areas for invasion into new areas. These

results are consistent with recent genetic studies of

invasive species that revealed much more complex and

unexpected scenarios than suggested by historical data

alone (Miller et al. 2005; Hoos et al. 2010; Lombaert

et al. 2010).

Effects of propagule pressure on genetic diversity and
invasion success

Introduction of a species into new areas triggers a loss

in genetic diversity through founder events. This results

from a small portion of the source’s total genetic diver-

sity being sampled (Nei et al. 1975; Dlugosch & Parker

2008). Furthermore, the small sizes of the newly estab-

lished populations make them prone to subsequent

genetic drift and bottlenecks (Dlugosch & Parker 2008;

Miller et al. 2009). Results of this study illustrate the

loss of genetic diversity through a founder event, for

instance, between New Zealand and Australia, as illus-

trated by allele frequencies (more fixed loci for Austra-

lia) and genetic diversity (Tables S2 (Supporting

information) and 1, Fig. 5). This is consistent with the

knowledge that the Australian invasion originated from
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New Zealand. It also probably reflects the strict and

successful quarantine system in Australia, which

focused on preventing S. noctilio introductions and

spread since the 1950s (Neumann et al. 1987), therefore

minimizing the propagule pressure on the country. In

invasion biology, the role of propagule pressure is well

known to influence the overall genetic diversity of a

newly established population (Simberloff 2009). Propa-

gule pressure will depend on (i) the number of founder

specimens and (ii) the number of independent intro-

ductions (Simberloff 2009).

The number of founder specimens. The ABC method

allowed an estimation of the effective number of founder

individuals for each population, a demographic parame-

ter that can facilitate the understanding of the microevo-

lutionary processes associated with an introduction. The

estimated effective number of founders ranged from 3 to

74 (Fig. 6). The fact that so few founder individuals

would have resulted in some of the successfully estab-

lished and aggressively spreading populations might be

considered surprising. However, Lye et al. (2011) recently

showed that some populations of bumblebees in New

Zealand were the result of only two founder specimens.

Facon et al. (2011b) recently demonstrated that bottle-

necks of intermediate intensity may help to purge delete-

rious alleles, therefore lowering the inbreeding

depression of small populations. This finding helps to

resolve the paradox of the success of invasive popula-

tions after they have undergone a depletion of genetic

diversity, known to be associated with a decrease in the

potential to adapt to new environments (Frankham et al.

1999) and an increase in extinction risk (Garza & Wil-

liamson 2001). Furthermore, the haplo-diploid nature of

S. noctilio provides an additional route to purge deleteri-

ous alleles in the haploid males (Werren 1993) and will

allow populations to persist with very low genetic diver-

sities. This might at least partly explain the success of

establishment and spread of S. noctilio worldwide.

The number of independent introductions. Most of the pop-

ulations considered in this study appear to be the result

of admixture events. This suggests a number of indepen-

dent introductions, therefore increasing the propagule

pressure. Interestingly, samples from Oceania showed

the highest number of founder specimens for cluster 1

(Fig. 6A). As the area was invaded first, the probability

of multiple introductions during the course of more than

100 years is higher than the one for areas invaded in the

last 30 years. However, Chile in cluster 2 also displayed

a high number of founder specimens (Nf = 74, Fig. 6B),

whereas the introduction is much more recent (around

2001). Both the introduction of numerous specimens and

multiple introductions may explain the high number of

founder specimens in Chile. The populations considered

in this study illustrated the possible effect of several

introductions on genetic diversity. The sample from

South America included the two genetic pools and the

three sub-clusters of cluster 1 (Fig. 5). It, therefore, pre-

sented high values of genetic diversity comparable or

superior to areas where S. noctilio is native (Table 2A,B).

Recently, population admixture has been shown to allow

heterosis effects in the harlequin ladybird, where off-

spring develop more quickly and are slightly bigger than

their parents (Facon et al. 2011a). Similarly, laboratory

experiments on an invasive snail showed an increased

invasiveness for the admixed offspring compared with

their parents (Facon et al. 2005, 2008). Such heterosis

could, for instance, lead to failure of biological control

measures. In the case of S. noctilio, the effects of the

admixture between cluster 1 and cluster 2, in particular,

should be the focus of further laboratory experiments.

Conclusions

Results of this study revealed a complex genetic make-up

for a global sample of Sirex noctilio and they also illus-

trated complex pathways of invasion. The discovery of

an unsampled source population will have drastic conse-

quences on the approaches undertaken to contain the

spread of the pest in various part of the world. In particu-

lar, attempts to manage S. noctilio populations using

biological control will need to consider the existence of

the two distinct gene pools revealed in this study.

Furthermore, monitoring should be considered for Euro-

pean countries that have previously not been concerned

with this pest due to its perceived native status. Future

studies should seek to identify the unsampled source

area for S. noctilio revealed in this investigation. This

should diminish the number of parallel routes of intro-

duction and minimize the potential admixture of the two

sources, which would, then, prevent subsequent hetero-

sis effects that could exacerbate the invasiveness of

S. noctilio. A recent study predicted that S. noctilio could

spread further in the countries where it already occurs

and become established in new areas such as Central

America, Africa and China (Carnegie et al. 2006). This

threat is further emphasized in the context of climate

change that could trigger extreme drought, a condition

known to favour attacks of S. noctilio on pines in planta-

tions and forests.

New insights into S. noctilio invasion history revealed in

this study arose from the application of microsatellite mark-

ers combined with Bayesian clustering and scenario testing.

The results highlight the fact that exploratory methods such

as Bayesian clustering (and FCA) represent an important

first step that makes it possible to interrogate and gain a

broad view of a large data set. This view can then be used
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to decrease the number of hypotheses in scenario testing.

The data set complied in this study also exemplified the fact

that microsatellite markers remain the marker of choice

when considering recent events such as those related to

human-mediated invasions. This is in comparison to the

low resolution provided by the mitochondrial COI gene,

which was also analysed here. The insights provided by the

newmethodologies, particularly those relating to the demo-

graphic history of invasive and re-introduced species and

the microevolutionary processes associated with invasion,

will facilitate an understanding of the processes that under-

pin successful establishment and invasion in new areas.
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