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Riassunto 

 
La processionaria del pino (Thaumetopoea spp.), un importante defogliatore dei 

pini in tutta l’area del Mediterraneo, ha mostrato, nel corso degli ultimi decenni, 

un’espansione del suo areale in risposta sia al cambiamento climatico che a fattori 

antropici. È quindi importante delineare le modalità con cui questa specie riesce a 

colonizzare nuove aree e per far questo i marcatori molecolari sembrano essere gli 

strumenti più utili. Nell’introduzione sono presentate alcuni dei marcatori molecolari 

usati negli ultimi anni per studiare problemi ecologici ed evolutivi in relazione agli 

insetti. L’obiettivo principale del mio lavoro è consistito nell’analizzare la variabilità 

genetica della processionaria del pino nel suo attuale areale e nel tentare di ricostruire la 

storia della sua colonizzazione recente e passata. In secondo luogo, un ulteriore obiettivo 

è stato quello di caratterizzare la struttura genetica di alcuni parassitoidi della 

processionaria del pino per comprendere meglio quali sono i fattori coinvolti nel loro 

differenziamento quale può essere la ricerca dell’ospite su diverse specie di pino. 

Nel primo lavoro ho esteso a popolazioni del Vicino Oriente uno studio già 

iniziato sulla genetica di popolazione della processionaria del pino. Lo scopo principale 

di questo lavoro era quello di capire l’origine delle popolazioni che attaccano le 

piantagioni di pino in Israele e in secondo luogo di caratterizzare geneticamente tutte le 

popolazioni presenti nella regione. Questo studio ha inoltre mostrato l’utilità 

dell’impiego di marcatori mitocondriali e nucleari per il diverso tipo di informazione che 

possono produrre. In questo caso è stato possibile individuare una dispersione in 

relazione al sesso degli individui, processo che potrebbe essere importante per il 

mantenimento della variabilità genetica nelle aree di espansione. 

Nel secondo lavoro, è stata delineata la struttura genetica della processionaria del 

pino in tutto il suo areale. Attraverso i marcatori mitocondriali utilizzati nello studio 

precedente è stato possibile definire per questa specie i principali eventi occorsi nel 

passato, identificando così i rifugi glaciali e i principali eventi di separazione tra le 

diverse popolazioni. Nel Nord Africa, è stato individuato in questo modo un nuovo clade 

geneticamente ben definito, analizzando popolazioni precedentemente considerate, su 
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base morfologica, appartenenti ad una sottospecie di una della due specie di 

processionaria già descritte. 

Nel terzo lavoro, è stato descritto l’intero menoma mitocondriale di ochrogaster 

lunifer, una specie Australina appartenete alla stessa sottofamiglia della processionaria 

del pino. Questo studio, oltre a rappresentare il primo passo per un chiarimento della 

tassonomia di questa famiglia di Lepidotteri, ha prodotto informazioni utili riguardo ai 

marcatori che possono essere utilizzati negli studi di genetica di popolazione dei 

Lepidotteri. 

Nel quarto lavoro, ho preso in considerazione la genetica di popolazione di due 

parassitoidi oofagi della processionaria del pino: lo specialista Baryscapus servadeii e il 

generalista Ooencyrtus pityocampae. L’obiettivo principale di questo studio era di 

testare la presenza di un’associazione con la pianta ospite in questi due parassitoidi e di 

comparare inoltre la struttura genetica di uno specialista con quella di un generalista. 

Nelle popolazioni del parassitoide specialista analizzate sembra essere presente un 

genotipo per lo più associato con una delle piante ospiti della processionaria. Inoltre, a 

differenza del generalista, il parassitoide specialista non presenta una variabilità genetica 

strutturata spazialmente. Questo potrebbe essere messo in relazione alla più alta mobilità 

dello specialista e quindi alla sua strategia per individuare l’ospite. Tali nuove 

informazioni su questi parassitoidi possono rivelarsi utili nel predire il loro 

comportamento nelle aree di espansione. 

Nel complesso, i quattro contributi presentati qui forniscono suggerimenti per il 

controllo di questo insetto infestante su larga scala e una maggiore conoscenza della 

storia evolutiva del gruppo, includendo inoltre delle previsioni sul potenziale di 

adattamento di queste specie in relazione ai cambiamenti climatici in corso.  
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Summary 
 

The pine processionary moth (Thaumetopoea spp.), an important defoliator of 

Pinus spp. in the Mediterranean area, is recently expanding its range in response to 

climate change and anthropogenic factors. Therefore it’s important to outline the way in 

which this pest can colonize new areas, and to do this molecular markers seem to be the 

most suitable tools. In the introduction I present some of the molecular markers used in 

the last years to study ecological and evolutionary problems related to insects. The main 

aim of my work was to analyze the genetic variability of pine processionary moth in its 

present range and so to try to reconstruct the recent and past colonization history of this 

pest. Secondly, another goal was to characterize the genetic structure of pine 

processionary moth parasitoids to better understand the factors involved in their 

differentiation such as in tracking their host on different pine species. 

In the first study I extended a work already begun on the population genetic of 

pine processionary moth to the populations of the Near East. The main issue of this 

study was to understand the origin of population attacking the Israel pine plantations and 

in second place to genetically characterize all the populations in the range. Moreover, 

this study shows the utility of the use of both nuclear and mitochondrial markers for the 

different information they can yield. In this case they permitted to track a gender-related 

dispersal, which could be important to maintain genetic variability in expansion areas. 

In the second study, I contributed to outline the genetic structure of pine 

processionary moth in the whole range. Through the mitochondrial markers used in the 

previous studies it was possible to define the main events occurred to this species in the 

past, identifying glacial refugia and the main splitting events among the different 

lineages. In northern Africa, a new unexpected genetic clade was found analyzing 

populations that were previously considered, on a morphological base, to belong to a 

subspecies of the two already described pine processionary moth species. 

In the third study, I contributed to the sequencing of the entire mitochondrial 

genome of Ochrogaster lunifer, an Australian species belonging to the same subfamily 

of the pine processionary moth. This study, besides to represent the first step to have 
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insights into the taxonomy of the family, gave useful information about the best markers 

to be used in population genetic studies on Lepidoptera. 

In the fourth study, I dealt with the population genetic of two egg parasitoid 

species of the pine processionary moth: the specialist Baryscapus servadeii and the 

generalist Ooencyrtus pityocampae. The main goal of this study was to test the presence 

of a host plant association in these two parasitoids and to compare the genetic patterns of 

a specialist and a generalist. In the specialist parasitoid populations analyzed it seems to 

be present a genotype mostly associated with the host plant. Moreover, unlike the 

generalist, the specialist doesn’t show to have a genetic pattern spatially structured. 

This could be related to a higher mobility of the specialist, and hence to its 

strategy in finding hosts. These findings provide useful information to predict the 

behavior of parasitoids in expanding areas. On the whole, the four contributions provide 

suggestions for the range wide management of the pest, and insights into the 

evolutionary history of the group, including projections on the potential for adaptation to 

ongoing climate change. 
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Populations of almost all species are genetically structured across their range (Avise 

et al. 1987). These genetic patterns are influenced by ecological and evolutionary factors 

(e.g. migration, random genetic drift, natural selection) operating over a wide variety of 

spatial and temporal scales.  

Molecular genetic markers have become a powerful tool for population studies in the 

last two decades. Development of new techniques such as polymerase chain reaction (PCR) 

and sequencing have extended the availability of molecular polymorphisms at affordable 

costs, thus providing wide datasets useful for answering questions about behavior, ecology 

and phylogeny of organisms. The study of polymorphisms of nucleic acids can be carried 

on without any previous knowledge about species and their habitats and with no need of 

classical genetic studies (e.g. controlled crosses and checking of mutants). Moreover, 

differences among individuals or species can be easily quantified through molecular 

information, avoiding problems related to the use of taxonomical traits that are often 

affected by environmental factors. Different molecular markers are now available (for 

insects see Behura 2006); their application is related to both geographical range of 

sampling and temporal scale of historical events involved (Avise 2004). Each type of 

molecular marker has its own characteristic level of genetic resolution that is appropriate for 

various methods and purposes depending on the corresponding resolution needed. 

Mitochondrial DNA genes are particularly profitable in studies on conspecific 

populations and closely related species as animal mitochondrial DNA evolves rapidly at 

sequence level (Brown et al. 1979, Wilson et al. 1985) and is maternally inherited without 

recombination. Studies on mtDNA have defined thus an empirical and conceptual bridge 

between systematic and population genetics, a rather new discipline known as 

phylogeography (Avise et al. 1987). In the recent years the phylogeographical approach has 

been widely used in the study of populations of forest pests. Mitochondrial DNA markers 

have been used to track the postglacial colonizations and expansion routes of several bark 

beetles (Stauffer et al. 1999, Ritzerow et al. 2004, Sallé et al. 2007, Horn et al. 2006, 

Maroja et al. 2007, Mock et al. 2007); they have been used also to study the history of 

invasive species such as hemlock woolly adelgid (Havill et al. 2006) and asian longhorned 

beetle (Carter et al. 2009), suggesting the likely sources of introduction in the new areas. 

Moreover, mtDNA markers have been useful in defining the taxonomic status of 
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several cryptic species (Sperling et al. 1999, Kerdelhue et al. 2002, Duan et al. 2004, 

Cognato et al. 2005), providing insight on the effect of both host plant and/or geographic 

location in structuring the pest populations (Kerdelhue et al. 2002, Cognato et al. 2005). 

Mitochondrial genetic markers have also been employed to evaluate gene flow among 

populations of phytophagous insects (Salvato et al. 2002, Schroeder & Degen 2008), thus 

yielding long-term, indirect dispersal estimates that can be helpful in understanding and 

predicting dynamics and consequences of pest expansions. 

At higher phylogenetic levels standard mitochondrial genes (e.g cox1, cox2, cytB, 

16S, 12S) cannot often resolve relationships among taxa. In these cases whole 

mithocondrial genomes are often preferred as they provide a better resolution for deep 

relationships at intra-family and intra-order level. Most animal mitochondrial genomes are 

of very similar size (about 15,000 bp in insects) with a similar set of genes (37 genes). In 

addition to the nucleotide data, other phylogenetically useful information can be obtained 

from mitochondrial genomes such as gene rearrangements (Boore & Brown 1998), gene 

insertion or deletion events (Rokas & Holland 2000), and genic or intergenic length 

variability (Schneider & Ebert 2004). The phylogenetic utility of mitochondrial genomes 

has been carefully studied in the past few years, especially for insects and related groups 

(Cameron et al. 2004, Cameron & Whiting 2007, Carapelli et al. 2007, Kjer & Honeycutt 

2007). In particular, these genomes have been studied for a variety of purposes including 

divergences between sibling species (Yukuhiro et al. 2002), identifying gene variability 

between congeneric species (Coates et al. 2005), to facilitate population level studies (Kim 

et al. 2006) and to investigate relationships within the order Lepidoptera (Lee et al. 2006). 

A major outcome of the accumulation of insect mitochondrial genome data has been the 

capacity to investigate the utility of individual genes or regions commonly employed in 

phylogenetics, phylogeography, population genetics and molecular diagnostics and to 

identify novel genes which could be useful for future studies (Cameron & Whiting 2007, 

Nardi et al. 2003, Nardi et al. 2005, Simon et al. 2006). 

Although gene genealogies based on mtDNA sequence variation have yielded 

valuable insights on population structure in several systems (Avise 2004), mtDNA often 

bears insufficient variation to reflect relatively recent evolution and to detect ongoing gene 

flow. Detecting individual movement among populations requires methods that use more 
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polymorphic markers. In this respect, fragment analysis of microsatellite regions (simple 

sequence repeat, SSR) and amplified length polymorphism (AFLP) analysis are effective in 

diagnosing parentage and studying the genetic structure of populations. As they can 

generate a large number of repeatable genomic polymorphic markers without the necessity 

for any prior research and development, AFLP markers (Vos et al. 1995) are often more 

attractive than microsatellites for studying genetic diversity and population structure. 

Moreover, since AFLP markers can yield a high number of loci scattered all over the 

genome, their analysis allow to disentangle locus-specific effects (selection, mutation, 

recombination, and assortative mating) that should affect one or a few genes at a time, from 

genome-wide effects like genetic drift, migration and inbreeding, which should affect all 

parts of a genome in the same way (Beaumont & Nichols 1996, Luikart et al. 2003). Two 

issues in the use of this method are the loss of information given by the dominant nature of 

AFLP markers (the presence of a band in a locus can indicate either the homozygous 

condition or the heterozygous condition) and size homoplasy (i.e. bands of the same length 

are not homologous and thus representing two or more different AFLP loci), that could be 

of particular concern in studies of genetic diversity and phylogenetic reconstructions 

(Vekemans et al. 2002). Within insects AFLP analysis has been used successfully to study 

closely related populations at fine taxonomic levels (Yan et al. 1999, Reineke et al. 1999, 

Parsons & Shaw 2001), addressing questions about dispersal and gene flow (Salvato et al. 

2002, Grapputo et al. 2005, Conord et al. 2006, Timm et al. 2006, Ahern et al. 2009), 

insecticide resistence (Kazachkova et al. 2007, Thaler et al. 2008) and introgressive 

hybridization (Gompert et al. 2006, Gompert et al. 2008). Moreover, AFLPs have been 

used to test host specialization in both phytophagous (Althoff et al. 2006, Scheffer & 

Hawthorne 2007) and parasitoid insects (Kolaczan et al. 2009), in some cases attempting 

also to identify loci linked to genes undergoing selection for the host (Nosil et al. 2008, 

Egan et al. 2008, Manel et al. 2009). 

In this thesis I outlined some aspects of population genetics and phylogeography of 

the processionary moths Thaumetopoea spp. (Lepidoptera, Notodontidae), that comprise 10 

species distributed in the Mediterranean region and Europe (Tab.1). The larvae have 

gregarious behavior in all stages of their development and they produce urticating hairs that 

can cause an allergic reaction in mammals. Processionary moths can feed on various host 
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Tribe 
          Genus 
                    Species 
                                  subspecies 

range host plant 

Thaumetopoeinae 

            1 genus (12 species) 

Palaearctic, part of 

Oriental and 

Ethiopian region 

 

 Thaumetopoea   

  processionea (Linnaeus 1758)  Europe Quercus 

   pseudosolitaria (Daniel 1951) Balkans, Near East Quercus 

  solitaria (Freyer 1838) Balkans, Near East Pistacia 

  pityocampa (Denis & Schiffermüller 1775) S Europe, 

NW Africa 

Pinus 

Cedrus 

   orana (Staudinger 1901) Morocco, Algeria Pinus 

   ceballosi (Agenjo 1941) Anatolia Pinus 

  wilkinsoni (Tams 1925) Cyprus, Near East Pinus Cedrus 

  pinivora (Treitschke 1834) Europe Pinus 

  bonjeani (Powell 1922) N Africa Cedrus 

  herculeana (Rambur 1840) Iberian pen., 

N Africa 

Cistus Erodium 

Helianthemum 

   judea (Bang-Haas 1910) Palestina  

  jordana (Staudinger 1894) Jordany, Israel Rhus 

  libanotica (Kiriakoff & Talhouk 1975) Lebanon Cedrus 

  ispartaensis (Doganlar & Avci 2001) Turkey Cedrus 

      

Anaphinae Ethiopian-

Malgascian region 

 

 7 genera (52 species)   

Epicominae 
 

Australian region  

 8 genera (29 species) (Nielsen et al. 1996)   

 

Table 1. Taxonomy of pine processionary moths. For the genus Thaumetopoea only the 

palaearctic species are considered (from Lafontaine and Fibiger (2006), Kiriakoff (1970), 

and recent updates). 
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plants ranging from broadleaved species (e.g. Pistacia, Quercus, Cistus) to conifer trees 

(Pinus and Cedrus). The species feeding on conifers can be subdivided in two main groups, 

according to the seasonal period of defoliation of larvae: the summer species (T. bonjeani, 

T. ispartaensis, T. libanotica, T. pinivora) and the winter species (T. pityocampa and T. 

wilkinsoni) (Demolin & Frerot 1993). Further morphological variability within the range 

has supported the identification of subspecies within T. processionea, T. pityocampa, T. 

herculeana (Agenjo 1941, Kiriakoff 1970). To date relationships based on morphological 

data both inside the genus (see Freina & Witt (1987)) and among the upper taxa (e.g. 

subfamily Thaumetopoeinae, see Kiriakoff 1970, Miller 1991, Lafontaine & Fibiger 2006) 

are still to be resolved. 

Most of my work has concerned Thaumetopoea pityocampa (Denis & Schiffermüller) 

and Thaumetopoea wilkinsoni (Tams), commonly defined as pine processionary moth 

(Plate 1). They were considered synonyms for a long time (Demolin & Frerot 1993, 

Demolin 1988), but the first genetic study on this taxon (Salvato et al. 2002a) provided 

evidence of species separation. They are both economically important defoliator of pines in 

southern Europe and Near East. In the last decades they are expanding their range for both 

the intense cultivation of conifer trees in exotic areas (Masutti & Battisti 1990) and the 

increasing winter temperatures (Battisti et al. 2005), associated with the climate change 

effect (Solomon et al. 2007). 

There is evidence that climatic variability can change interactions between 

phytophagous insects and their parasitoids, impairing the ability of parasitoids to track host 

populations (Stireman et al. 2005, Menendez et al. 2008). Given the important role of 

parasitoids in regulating insect herbivore populations in natural and managed systems, an 

increase in the frequency and intensity of herbivore outbreaks as climates become more 

variable could be expected. Thus the study of the structure of parasitoids populations in 

areas experiencing climatic changes could help to understand how they respond to global 

climate changes. In this perspective, I therefore considered the genetic population study of 

two main egg parasitoids of T. pityocampa: the specialist Baryscapus servadeii 

Domenichini (Hymenoptera Eulophidae) and the generalist Ooencyrtus pityocampae 

Mercet (Hymenoptera Encyrtidae) that are found throughout the range of the pine 

processionary moth. 
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Plate 1 

Ovipositing female on P. nigra (photo D. 
Zovi)

Winter nest on P. nigra

Pupating larvae on soil Third instar larvae feeding (photo D. 
Zovi)
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Objectives and content of the thesis 

 

In this thesis, using both mitochondrial and nuclear markers, I developed further the 

population genetic study begun by (Salvato et al. 2002a) analyzing T. wilkinsoni 

populations from the Near East (Chapter 2), and trying to track the routes of the recently 

expanding populations in southern Israel and northern Turkey. Subsequently, I contributed 

to extend this analysis to the whole range of both species of pine processionary moths, 

comprising all the Mediterranean basin and southern Europe (Chapter 3). In this way it was 

possible to define all the genetic clades present in the area, and thus the colonization history 

and the occurrence of glacial refugia, as well as the origin of recently established 

populations. 

To have preliminary sequence information for a phylogenetic study of the species 

inside the genus Thaumetopoea (work in progress not included in the present thesis), and to 

extend the taxonomic sampling of mitochondrial genomes inside Lepidoptera, I contributed 

to the sequencing of the whole mitochondrial genome of a member of Thaumetopoeinae, 

Ochrogaster lunifer (Lepidoptera, Notodontidae) the first complete sequence for the 

Superfamily Noctuoidea (Chapter 4). Besides to describe this genome, another aim of this 

study was to do a comparative genomics analysis to identify potential novel markers for 

phylogenetic studies inside Lepidoptera. 

In the fourth study (Chapter 5) I analyzed, through the use of AFLP markers, the 

genetic structure of the two main egg parasitoids of T. pityocampa at local scale (north 

eastern Italy). The analysis had two objectives: firstly to assess the effect of host-plant 

species on the differentiation of parasitoid populations attacking the same insect (T. 

pityocampa) on two different host-plant species (Pinus sylvestris and Pinus nigra); 

secondly to compare the population structure of a specialist (B.servadeii) and a generalist 

(O. pityocampae) parasitoids that share the same host insect across a large geographic area.  
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Abstract

Phylogeographic structure of the eastern pine processionary moth 

 

Thaumetopoea wilkin-
soni

 

 was explored in this study by means of nested clade phylogeographic analyses of COI
and COII sequences of mitochondrial DNA and Bayesian estimates of divergence times.
Intraspecific relationships were inferred and hypotheses tested to understand historical
spread patterns and spatial distribution of genetic variation. Analyses revealed that all

 

T. wilkinsoni

 

 sequences were structured in three clades, which were associated with two
major biogeographic events, the colonization of the island of Cyprus and the separation of
southwestern and southeastern Anatolia during the Pleistocene. Genetic variation in popu-
lations of 

 

T. wilkinsoni

 

 was also investigated using amplified fragment length polymorph-
isms and four microsatellite loci. Contrasting nuclear with mitochondrial data revealed
recurrent gene flow between Cyprus and the mainland, related to the long-distance male
dispersal. In addition, a reduction in genetic variability was observed at both mitochon-
drial and nuclear markers at the expanding boundary of the range, consistent with a recent
origin of these populations, founded by few individuals expanding from nearby localities.
In contrast, several populations fixed for one single mitochondrial haplotype showed no
reduction in nuclear variability, a pattern that can be explained by recurrent male gene flow
or selective sweeps at the mitochondrial level. The use of both mitochondrial and nuclear
markers was essential in understanding the spread patterns and the population genetic
structure of 

 

T. wilkinsoni

 

, and is recommended to study colonizing species characterized by
sex-biased dispersal.
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Introduction

 

Geographic distributions of species are known to vary
considerably in time, according to a number of factors
including the geological and palaeoclimatic history of the
habitat and the dispersal capacity of the organism (Gaston
2003). In particular, species’ ranges have been strongly
affected by Quaternary [2.4 million years ago (Ma) to

present] climatic fluctuations and ice ages (Hewitt 2000), at
least for European and North American temperate species.
The organisms responded to climatic oscillations by local
extinction in northern regions and survival in southern
refugia during the glacial maxima, and by northward
range expansions during interglacial, warmer periods.
These events played a major role in promoting speciation
through formation of isolating barriers allowing allopatric
divergence, and in shaping species phylogeography (Hewitt
1996). Yet, species display different phylogeographic
patterns, because their response to environmental changes
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during the ice ages primarily depended on ecological,
dispersal and life-history traits (Taberlet 

 

et al

 

. 1998; Hewitt
1999, 2001). Some regions of the world, such as the Near
East, were never covered with ice during the Pleistocene,
but the occurring species may still have been influenced by
climatic oscillations such as cycles of wet and dry periods
(Horowitz 1988). Yet, very few studies have analysed the
phylogeographic history of terrestrial organisms in the
Near East (Tarkhnishvili 

 

et al

 

. 2001; Veith 

 

et al

 

. 2003), while
more information is available for other regions (Soltis 

 

et al

 

.
2006).

Moreover, the geographic distribution of phytophagous
insects is necessarily embedded within the range of the host
plants that provides the potentially exploitable habitat.
Compared to the wealth of information about plants, for
which fossil deposits and pollen series often allow to
reconstruct the distribution over long periods (Klaus 1989;
Willis 

 

et al

 

. 1998), very little knowledge is available con-
cerning the past distributions of phytophagous insects.
Fossil remains are scarce (Wilf & Labandeira 1999), and it
is rarely possible to directly compare host and associated
insect past distributions (but see Koteja (1990) for scale
insect–pine association since the Cretaceous). In this
context, genetic markers are useful tools to reconstruct the
evolution of insect herbivore lineages in relation to the
history of their host plants (Hewitt 2001). Phylogeographic
analyses of forest insect species have shown interesting
patterns of lineage differentiation, partly driven by host
plant distribution (Burban 

 

et al

 

. 1999; Stauffer 

 

et al

 

. 1999;
Kerdelhué 

 

et al

 

. 2002; Horn 

 

et al

 

. 2006). These studies indi-
cate a shared host–insect history of habitat colonization,
eventually followed by low interpopulation gene flow.
Different dispersal patterns may result either in low levels
of genetic diversity in new portions of the insect species’
range or in high diversity due to increased interpopulation
gene flow (Bialozyt 

 

et al

 

. 2006; Oliver 2006). Dispersal
capacities can also affect spatial genetic structure via
strong limitation of gene flow (Kerdelhué 

 

et al

 

. 2006). Since
dispersal strategies may differ between sexes (Greenwood
& Swingland 1983), the use of sex-specific markers can then
allow investigating the genetic effects and evolutionary
implications of gender-biased dispersal (Burban & Petit
2003; Sallé 

 

et al

 

. 2007). Adult females of phytophagous
insects, especially among Lepidoptera laying eggs in large
patches, are often constrained by heavy egg loads that
reduce the flight distance (Thompson & Pellmyr 1991). The
combination of powerful sexual pheromones emitted by
the females and mobile males may counterbalance the
negative effects on gene flow caused by a low female vagility
(Salvato 

 

et al

 

. 2005).
In this study, we explored the phylogeographic structure

of a phytophagous insect endemic of the Near East, the
eastern pine processionary moth 

 

Thaumetopoea wilkinsoni

 

Tams (Lepidoptera: Notodontidae). It is a univoltine

insect, oligophagous on 

 

Pinus brutia, Pinus halepensis,

 

 and

 

Pinus nigra

 

 (Schimitschek 1944, Halperin 1990), damaging
trees (Carus 2004; Kanat 

 

et al

 

. 2005), and threatening public
health by releasing toxic hairs (Turkmen & Oner 2004). The
species was originally described from the island of Cyprus
in 1925 (Tams 1925; Wilkinson 1927). Near East continental
populations of pine processionary moths had long been
considered to belong to its sibling species 

 

Thaumetopoea
pityocampa

 

 (Denis et Schiffermüller), occurring on pine in
southern Europe and northern Africa, until Salvato 

 

et al

 

.
(2002) provided evidence of species separation.

In particular, we tested the hypothesis that sex-biased
dispersal affects genetic variability, by contrasting patterns
of differentiation of mitochondrial and nuclear markers.
Within this framework, we examined three major phylo-
geographic patterns of 

 

T. wilkinsoni

 

, such as (i) the genetic
divergence between the populations of the island of
Cyprus, whose formation dates back to the Messinian
period (5.3 Ma; Marra 2005) and Near East populations,
(ii) the differentiation among continental populations, as a
consequence of the climatic fluctuations associated with
ice ages (Hewitt 2001), and (iii) the affinity between core
continental populations and populations of recent origin,
as those resulting from the invasion of the southernmost
Israeli pine stands and of the Turkish coast of the Black Sea.

 

Materials and methods

 

Sampling and DNA protocols

 

Eggs and larvae of 

 

Thaumetopoea wilkinsoni

 

 were collected
at 15 different locations in Turkey, Cyprus, Lebanon and
Israel (Table 1). To reduce the risk of sampling siblings,
each individual used in the analyses was collected from a
different tree, either from an egg batch or from a nest. Eggs
were maintained at room temperature until hatching, after
which the first instar larvae were transferred to ethanol
70%. Alternatively, larvae were directly sampled from
nests in the field and immediately transferred to ethanol
70%. All ethanol-preserved material was stored at 

 

−

 

20 

 

°

 

C.
DNA was extracted using a salting-out procedure (Patwary

 

et al

 

. 1994). The same individuals were generally used for
all the analyses, different numbers resulted from limitations
imposed by the analytical procedures.

Two mitochondrial DNA (mtDNA) fragments, corre-
sponding to parts of the COI and COII genes, were amplified
from 192 individuals and examined through single-strand
conformation polymorphism (SSCP) analysis, as described
in Salvato 

 

et al

 

. (2002). For each mobility class, one to five
individuals were sequenced directly using an ABI PRISM
3100 (Applied Biosystems) DNA sequencer and a Big Dye
Terminator Cycle Sequencing Kit (Applied Biosystems) to
check for the accuracy of the SSCP analysis and to determine
the corresponding haplotype. Sequences were aligned using
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clustal x

 

 (Thompson 

 

et al

 

. 1997). Sequences of COI (262 bp)
and COII fragments (342 bp) were then concatenated,
resulting in a 604 bp-long final alignment.

Four microsatellite loci (MS-Thpit1, MS-Thpit3, MS-
Thpit4, MS-Thpit5) were characterized on 230 individuals.
Microsatellite primers and amplification conditions are
described in Rousselet 

 

et al

 

. (2004). Fluorescent (polymerase
chain reaction) PCR products were run and detected on an
ABI PRISM 3100 automatic sequencer (Applied Biosystems)
and product sizes were determined using the 

 

genescan

 

software (Applied Biosystems).
The amplified fragment length polymorphism (AFLP)

protocol (Vos 

 

et al

 

. 1995) was used with four primer
combinations yielding 125 bands on 142 larvae analysed.
Approximately 50 ng of DNA were digested with 

 

Eco

 

RI
and 

 

Mse

 

I restriction enzymes and ligated to specific AFLP
adapters. Each sample was subsequently diluted 10-fold
and used as template for preselective and selective (

 

Eco

 

RI-
AAC/

 

Mse

 

I-CAT, 

 

Eco

 

RI-ACA/

 

Mse

 

I-CAG, 

 

Eco

 

RI-AGC/

 

Mse

 

I-CAT, 

 

Eco

 

RI-AAG/

 

Mse

 

I-CAC) PCR amplifications.
AFLP products were run in an ABI PRISM 3700 DNA
Analyser (Applied Biosystems). Band scoring was per-
formed with 

 

genotyper

 

 version 3.7 (Applied Biosystems)
considering bands in the range 70–360 bp. AFLP profiles
were checked by hand for accurate scoring. The intensity of
each individual peak was normalized on the basis of the
total signal intensity and the peak was considered only if
its intensity exceeded a fixed threshold of 100 fluorescent
units. AFLP profiles were recorded in a matrix as presence
or absence of bands for each individual. Both polymorphic
and monomorphic bands were scored.

 

Data analysis

 

Homologous mtDNA sequences of two related species,

 

Thaumetopoea pityocampa

 

 (Salvato 

 

et al

 

. 2002: GenBank
Accession nos EF015538, EF015542) and 

 

Thaumetopoea pinivora

 

(from Gotland, Sweden, accession number EF364032,
EF364033), were included in mitochondrial data analysis.
A partition homogeneity test was performed for the COI
and COII fragments using 

 

paup

 

* v4.0b10 (Swofford 2002).
The test confirmed that these regions contained homo-
geneous signal (

 

P =

 

 0.35), allowing data to be pooled for
further analyses.

Phylogenetic relationships between haplotypes were
estimated by Bayesian Inference (BI) with MrBayes v3.1
(Huelsenbeck & Ronquist 2001); the analyses were per-
formed without outgroup definition and best trees were
rooted with 

 

T. pityocampa

 

 and 

 

T. pinivora

 

. BI analysis was
used because it implements codon position partitioned
models (CP models), thus allowing the protein coding
nature of the data to be considered. The best CP model was
selected by comparing the exact likelihood under different
models of a consensus maximum parsimony tree using the

 

baseml

 

 software of PAML package (Yang 1997). Accord-
ing to published suggestions (Shapiro 

 

et al

 

. 2006), two CP
models were tested, namely the Hasegawa, Kishino and
Yano model (HKY, Hasegawa 

 

et al

 

. 1985) and the general
time reversible model (GTR, Lanave 

 

et al

 

. 1984) with and
without gamma distributed site heterogeneity. The sequences
were partitioned according to codon position, and the chosen
model (and alpha where appropriate) was assumed for all
sites; different rates were allowed for each partition.

Table 1 Location of Thaumetopoea wilkinsoni populations, according to geographic position from southeast to northwest and to the host
plant on which samples were collected

Country Region/district Location Latitude Longitude
Altitude 
(m a.s.l.) Host* Collector

Israel S Judean mountains Yatir 31°20′N 35°03′E 550 PA Authors
Israel W Negev Qisufim 31°22′N 34°24′E 50 PA Authors
Israel Judean foothills Haruvit 31°45′N 34°50′E 150 PA Authors
Israel Lower Galilee Segev 32°52′N 35°14′E 400 PA Authors
Israel Upper Galilee Qiryat Shemona 33°11′N 35°33′E 350 PB Authors
Lebanon Beirut Beirut 33°53′N 35°30′E 272 PB American University Beirut
Turkey Antakia Seyhköy 36°04′N 36°10′E 450 PB Authors
Turkey Iskenderun Iskenderun 36°34′N 36°10′E 210 PB Authors
Turkey Taurus mountains Aladag 37°33′N 35°22′E 1100 PB Authors
Turkey Taurus mountains Pozanti 37°17′N 34°51′E 970 PB, PN Authors
Cyprus E Cyprus El Skopi 35°00′N 32°40′E 100–1000 PB, PN Authors
Turkey Antalya Karaoz 36°54′N 30°43′E 200 PB University of Isparta
Turkey Isparta Gunur 37°46′N 30°34′E 1050 PB, PN University of Isparta
Turkey Izmir Aydin 37°51′N 27°50′E 600 PB University of Izmir
Turkey Samsun Samsun 41°17′N 36°20′E 150 PN Authors

*PA: Pinus halepensis, PB: Pinus brutia, PN: Pinus nigra.
m a.s.l., metres above sea level.
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The best CP model found was then used for Bayesian
phylogenetic inference using mrbayes, with and without
enforcement of the molecular clock. Analyses were run for
1 million generations, and Markov chains were sampled
every 10 generations. The length of the chain was chosen
after that initial trials indicated approximate convergence
after 30 000 generations. The 50% majority rule consensus
tree and the Bayesian posterior probabilities were obtained
from sampled trees, after burning first 25% of the chain.

Clades were approximately dated using beast (Drum-
mond & Rambaut 2003), assuming a sequence divergence
rate of 2–2.3% per million years (DeSalle et al. 1987; Brower
1994). Models of sequence evolution, data partitioning and
clock assumptions followed the results obtained from
previous analyses; Markov chain Monte Carlo (MCMC)
was run for 10 million generations, results being logged
every 1000 generations. After discarding the first 10% of
the chain, convergence was checked by monitoring traces
of sampled parameters and effective sample size following
authors’ suggestions.

A haplotype parsimony network was reconstructed using
tcs 1.21 (Clement et al. 2000) as described by Templeton
et al. (1992), with a probability cut-off set at 93%. The net-
work was used to perform a nested clade phylogeographic
analysis (NCPA) using geodis version 2.0 (Posada et al.
2000), to test the null hypothesis of lack of association
between clades and geographic location. Significant values
were used to discriminate the effects of recurrent gene flow
and historical processes which may have affected the
spatial genetic structure of populations (Templeton 2004)
using the updated inference key (http://darwin.uvigo.es/
download/geodisKey_11Nov05.pdf).

The genetic variability of each population was estimated
for mitochondrial and microsatellite data using arlequin
version 3.1 (Excoffier et al. 2005) and expressed as haplotype
diversity and expected heterozygosity (HE), respectively.
For AFLP markers, the heterozygosity (HS) was estimated
by the Bayesian approach implemented in hickory ver-
sion 1.0 (Holsinger & Lewis 2003), to overcome problems
caused by dominance. In addition, for microsatellite data
only, deviations from Hardy–Weinberg equilibrium were
tested for each locus and population using arlequin, with
10 000 permutations. Comparisons of microsatellite nuclear
diversity among population groups were carried out by
fstat version 2.9.3.2 (Goudet 1995).

For all three markers, the partition of genetic variability
among populations and among group of populations was
defined by analysis of molecular variance (amova, Excoffier
et al. 1992) using arlequin. Pairwise ΦST and FST between
populations were also calculated. Distances used were
Kimura 2-parameters distance for mitochondrial data,
number of different alleles for microsatellites and pairwise
differences (equivalent to simple matching in Apostol et al.
1993) for AFLP. The use of alternative genetic distances for

mitochondrial data resulted in very similar results. Null
hypothesis of genetic homogeneity was assessed by 10 000
replications, reshuffling individuals among populations,
and, when needed, populations among groups.

Results

Mitochondrial DNA phylogeography

The SSCP analysis clearly distinguished 11 mobility classes
for the COI fragment and 15 classes for the COII fragment.
A total of 20 composite mobility classes (COI+COII) were
found. Random sequencing of individuals confirmed
the accuracy of the SSCP method, each mobility class
corresponding to a single haplotype and vice-versa (GenBank
Accession nos EF210075–EF210097). The uncorrected
pairwise divergence between Thaumetopoea wilkinsoni haplo-
types ranged from 0.0017 to 0.0348. When these haplotypes
were aligned with the homologous sequence of the closely
related Thaumetopoea pityocampa and Thaumetopoea pinivora,
the divergence between the three species ranged from
0.0894 to 0.1159.

The best model of sequence evolution was the GTR with
different rates for each codon position; this model was thus
chosen for phylogenetic inference and for the Bayesian
molecular clock analysis. BI consensus tree is showed in
Fig. 1. All T. wilkinsoni sequences were clustered in a single
monophyletic group (A) with 100% support. All haplo-
types from Cyprus were grouped in a cluster (B) with 97%
confidence, and appeared as the sister group of a well-
supported clade (C, 85%) containing all the haplotypes

Fig. 1 Consensus tree obtained from Bayesian inference of COI
and COII data. Numbers above branches indicate, when higher
than 70%, the Bayesian posterior probability of support for the
node. Clades discussed in the text are indicated by capital letters
A-D.
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from continental sites. Within this latter cluster, a highly
supported group was identified (D, 98%) composed of haplo-
types found in Israel, Lebanon and in southeast Turkey
(Pozanti, Aladag, Iskenderun and Seyköy). The remaining
haplotypes from north and southwest Turkey were not
resolved inside the C group, except for a weak tendency of
haplotype 4H to cluster a sister group of clade D (73%).

The same well-differentiated groups were found in the
parsimony-based network (Fig. 2). It confirmed the strong
divergence of Cyprus (clade B) that differed by at least 12
mutations from the closest continental haplotype, and
identified two groups separated by at least 6 mutations,
corresponding to the D clade previously identified (south-
east Turkey) and a clade containing all haplotypes from
north and southwest Turkey. NCPA further showed that
the geographic distribution of Cypriot haplotypes (clade
3-3) was consistent with allopatric fragmentation, whereas
for the Lebanese, Israeli and southeastern Turkish haplotypes
(clade 3-1), it indicated a contiguous range expansion. No
conclusive indications were obtained concerning the dif-
ferentiation between the groups D and the remaining
clades (clades 3-1 vs. 3-2, Fig. 2).

The age of the most recent ancestor of supported groups
was estimated using beast, assuming a strict molecular
clock because analyses conducted with mrbayes showed
no significant differences in likelihood when the clock was
or was not enforced. Considering the 2–2.3% per million-

year (Myr) divergence rate for arthropod mtDNA, and
bearing in mind the large confidence intervals associated
with these estimates, the split between Cyprus and conti-
nental haplotypes (clade A, Fig. 1), was tentatively dated to
1.90–1.27 Ma. The continental haplotypes (clade C) diverged
1.12–0.74 Ma, and those in Cyprus and southeast Turkey
(clades B and D) diverged 0.30–0.20 Ma and 0.65–0.43 Ma,
respectively.

Comparison between mitochondrial and nuclear markers

Population genetic variability was estimated for the three
markers applied (Table 2). Most microsatellite loci and
populations were at Hardy–Weinberg equilibrium, as
only 8 tests were significant (locus MS-Thpit1 in Aladag,
Iskenderun and Seyhköy; MS-Thpit4 in Karaoz, Aladag,
Samsun and Iskenderun; MS-Thpit3 in Iskenderun). Haplo-
type diversity varied substantially between populations,
ranging from 0 in several populations at the southern and
northern edge of the species range, to 0.71–0.74 in the
Iskenderun and Cyprus samples.

Several populations fixed for a single mitochondrial
haplotype bore substantial microsatellite and AFLP variation.
In particular, among the 9 populations fixed for a single
mitochondrial haplotype, those at the boundary of the
distribution (Samsun in northern Turkey, and the four
southernmost Israeli populations of Segev, Haruvit, Yatir

Table 2 Descriptive statistics of mitochondrial and nuclear (microsatellite and AFLP) DNA markers, with the number of individuals
analysed. The same individuals were generally used for all the analyses, different numbers resulted from limitations imposed by the
analytical procedures. The symbol ± indicates the confidence interval (0.95) of each estimate

Country 
and 
location

Microsatellites 

mtDNA N HE (unbiased) per locus 

mean HE SD

AFLP (hickory) 

N
Haplotype
diversity Thpit 1 Thpit 3 Thpit 4 Thpit 5 N HS

Israel Yatir 15 0.00 ± 0.00 14 0.20 ± 0.09 0.51 ± 0.04 0.20 ± 0.10 0.00 ± 0.00 0.23 0.21 15 0.15 ± 0.01
Israel Qisufim 10 0.00 ± 0.00 9 0.00 ± 0.00 0.50 ± 0.06 0.29 ± 0.12 0.00 ± 0.00 0.20 0.25 10 0.18 ± 0.01
Israel Haruvit 15 0.00 ± 0.00 14 0.25 ± 0.10 0.45 ± 0.07 0.14 ± 0.08 0.00 ± 0.00 0.21 0.19 15 0.21 ± 0.01
Israel Segev 9 0.00 ± 0.00 10 0.28 ± 0.12 0.44 ± 0.09 0.10 ± 0.09 0.00 ± 0.00 0.21 0.19 9 0.20 ± 0.01
Israel Qyriat Shemona 14 0.00 ± 0.00 13 0.50 ± 0.10 0.32 ± 0.10 0.76 ± 0.06 0.32 ± 0.10 0.48 0.21 14 0.19 ± 0.01
Lebanon Beirut 24 0.00 ± 0.00 24 0.36 ± 0.07 0.47 ± 0.04 0.56 ± 0.08 0.19 ± 0.07 0.39 0.16 9 0.18 ± 0.01
Turkey Seyhköy 11 0.00 ± 0.00 20 0.85 ± 0.02 0.43 ± 0.07 0.55 ± 0.09 0.00 ± 0.08 0.53 0.24 8 0.20 ± 0.01
Turkey Iskenderun 10 0.71 ± 0.12 19 0.82 ± 0.04 0.60 ± 0.06 0.88 ± 0.04 0.10 ± 0.06 0.60 0.35 — —
Turkey Aladag 10 0.51 ± 0.16 20 0.73 ± 0.03 0.49 ± 0.04 0.67 ± 0.05 0.00 ± 0.00 0.47 0.33 9 0.18 ± 0.01
Turkey Pozanti 11 0.51 ± 0.10 20 0.65 ± 0.06 0.36 ± 0.07 0.66 ± 0.05 0.00 ± 0.00 0.42 0.31 10 0.18 ± 0.01
Cyprus El Skopi 18 0.74 ± 0.08 15 0.70 ± 0.05 0.52 ± 0.09 0.94 ± 0.02 0.58 ± 0.10 0.69 0.19 16 0.22 ± 0.01
Turkey Karaoz 8 0.46 ± 0.20 8 0.52 ± 0.13 0.13 ± 0.11 0.88 ± 0.05 0.00 ± 0.00 0.38 0.40 8 0.20 ± 0.01
Turkey Gunur 15 0.00 ± 0.00 13 0.31 ± 0.12 0.09 ± 0.08 0.89 ± 0.05 0.00 ± 0.00 0.32 0.40 13 0.25 ± 0.01
Turkey Aydin 10 0.20 ± 0.15 11 0.00 ± 0.00 0.09 ± 0.08 0.82 ± 0.04 0.09 ± 0.08 0.25 0.38 — —
Turkey Samsun 12 0.00 ± 0.00 20 0.40 ± 0.08 0.00 ± 0.00 0.53 ± 0.07 0.00 ± 0.00 0.23 0.27 6 0.16 ± 0.01

HE, expected heterozygosity.
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Fig. 2 Distribution of mitochondrial DNA haplotypes and range of Thaumetopoea wilkinsoni in the Near East (area between the dashed line
and the coast), based on Schimitschek (1944) and Commonwealth Institute of Entomology (1977). (a) Haplotype network inferred by the
criterion of parsimony with tcs 1.18 (Clement et al. 2000). (b) Each line in the network represents a single mutational change. Haplotype
frequencies are represented by the area of the circles. Empty circles indicate intermediate, missing haplotypes. Boxes represent the n-step
clades.
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and Qisufim) showed values of heterozygosity (0.20–0.23)
for microsatellite loci lower than that of the other samples
(P = 0.0015). In contrast, microsatellite variability of the
remaining four populations (Gunur, Seyhköy, Beirut and
Qyriat Shemona) showed level of variability not significantly
different from that of populations not fixed for mitochon-
drial haplotypes (P = 0.2724). Finally, both microsatellite
markers and mitochondrial sequences revealed the highest
mean heterozygosity in the Iskenderun and Cyprus popu-
lations (HE = 0.60 and 0.69, respectively).

Results of the amova tests are shown in Table 3. When
conducted on the whole sample of 13 populations, amova
showed that about 95% of mitochondrial variation was
attributable to differences among populations. Highly
significant values were also found using nuclear markers,
though they explained a smaller proportion of the total
variation, corresponding to c. 26% with microsatellites and
38% with AFLP markers. When populations were clustered
in two groups according to geography, to test the separa-
tion of Cyprus vs. continental populations, among-group
variation explained a significant proportion of mtDNA
and microsatellites variation (67% and 10%, respectively),
whereas it was not significant for AFLP markers (Table 3a).
When splitting the continental populations into two groups
separated by the Taurus mountains (i.e. Cyprus vs. north-
west Turkey vs. southeast Turkey-Israel-Lebanon), a
significant proportion of the genetic variation was found
among groups for all markers used (16–84%), the AFLP
markers yielding the smallest value (Table 3b). When
considering only continental populations in relation to the
climatic fluctuations associated with ice ages, the remaining
two groups (northwest Turkey vs. southeast Turkey-Israel-
Lebanon) significantly explained 21–81% of the genetic
variation (Table 3c).

Discussion

Mitochondrial phylogeographic patterns and female 
colonization routes

Our results clearly show that all individuals sampled in
Cyprus and the Near East belong to the same species,
Thaumetopoea wilkinsoni, as all corresponding haplotypes
cluster together in a well-supported monophyletic group.
All the genetic distances between these haplotypes and the
closely related Thaumetopoea pityocampa are over 8%, while
all distances within T. wilkinsoni are comprised between
0.2 and 3.6%. It confirms the preliminary results of Salvato
et al. (2002), showing that T. pityocampa is absent from the
easternmost part of the Mediterranean Basin where its
sibling T. wilkinsoni occurs.

Within T. wilkinsoni, mitochondrial data indicate three
main phylogeographic events, namely: (i) the disjunction
between Cypriot and Anatolian populations of the moth,T
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(ii) the split between western and eastern continental
groups, and (iii) further divergence within the eastern
clade between north and south populations. The Bayesian
inference of divergence times indicates that the separation
between Cyprus and Near East continental haplotypes
occurred during the Pleistocene, in a period when land
bridges between the island and the continent are excluded
(Simmons 1999 and references therein). The formation of
Cyprus is supposed to date back to 5.3 Ma (Marra 2005)
during the early Pliocene. Moreover, during the Pleis-
tocene minimum sea level, the distance between Cyprus
probably never dropped below 30–40 km (Simmons 1999),
a distance well beyond the known flight range of female
moths (3–4 km, Halperin et al. 1981). Thus, the colonization
of the island by the moth probably happened through a
rare event of long-distance dispersal. This occasional long-
range dispersal probably led to an extreme reduction of
allelic richness in Cyprus due to a founder effect, and new
alleles then arose, which could explain the typical star-shape
topology of Cypriot haplotypes.

The split between the two continental groups (eastern
vs. western clade) probably occurred about 1.5–0.5 Ma,
concomitantly with the Quaternary transgressional cycle
during which the Mediterranean sea level varied between
−150 and +120 m when compared to the present, as a con-
sequence of the glacial events which occurred in Europe
(Horowitz 1988). Shoreline refugia of T. wilkinsoni associ-
ated with Mediterranean pines are thus unlikely for that
period, whereas montane Pinus nigra forests close to the
coast probably were favourable refugia for the moth, as
shown by Ciesla (2004) for Cyprus. Furthermore, such
potential refugial forests have a disconnected distribution
in southern Anatolia, in the disjointed western and eastern
Taurus (Vidakovic 1991). The split between the western
and the eastern Anatolian lineages can thus be explained
by the existence of two separate montane refugia of P. nigra
and the subsequent isolation of the corresponding popula-
tions on this host during the Quaternary transgressional
cycle. The northernmost population of Samsun, on the
Black Sea, was colonized very recently, and our results
show that the migrant individuals undoubtedly came from
western Turkey. We expect that a more thorough regional
sampling would reveal the Samsun haplotype (4V) in
western Turkey, except if it arose locally from a fairly
recent point mutation.

The eastern clade (D) includes populations from eastern
Turkey, Lebanon and Israel. Network topology shows that
it may be split into two subclades. As divergence time
within the clade is estimated to range from 1 to 0.22 Ma, the
two subclades may have originated from two isolated
refugia areas on eastern Taurus mountains (P. nigra and
Pinus brutia) and Lebanon mountains (P. brutia) during the
Quaternary transgressional cycle. Genetic diversity was
retained in the northern populations, in which effective

population sizes probably never dropped below a critical
threshold under which most alleles would have been lost
(Young et al. 1996; Austerlitz et al. 2000). Instead, haplotype
fixation was observed in southern populations, perhaps
because the ecological features of the environment at the
southern boundary of the host range. The occurrence of
suitable host pines in southern Israel is recent, as it dates
back to the afforestation conducted in the 1910s (Bonneh
2000), and the colonization of the southernmost localities
by the moth was first detected in the 1930s (Anonymous
1939). Some relict, isolated stands of Pinus halepensis exist
far south in Israel, but were probably exempt from the moth
until recently, as T. wilkinsoni was not detected during an
old survey of lepidopterans which detected other species
of Thaumetopoea (Amsel 1933). The affinity between Israeli,
Lebanese and southeastern Turkish populations indicates
that the colonization of Israel was due to individuals from
the southeastern part of the range, thus excluding the
possibility of accidental introduction from Cyprus as
previously hypothesized (Mendel 1990). As all the popu-
lations from Israel and southern Lebanon share the same
single mtDNA haplotype, we are probably dealing with a
single source of migrant females. The massive afforestation
effort in Israel has created a suitable corridor that allowed
the moth to reach some of the relic stands of P. halepensis in
the south (Liphschitz & Biger 2001).

Unexpected patterns of nuclear diversity, and sex-biased 
gene flow

The information yielded by nuclear markers, both micro-
satellites and AFLP, provided a rather different estimate
of gene flow between populations. The most striking result
was that the separation of the Cypriot population from the
continental ones explained much (67%) of the mitochondrial
variation, but only a little proportion (10% to 0%) of
microsatellite and AFLP nuclear variation. Even though
homoplasy in nuclear markers (i.e. Cypriot and continental
alleles being identical by state but not identical by descent)
could account for this discrepancy, it is more plausible
(given the high number of markers used) that the different
histories reconstructed with nuclear and mitochondrial
markers rather reflect sex-biased dispersal. In fact, a
positive correlation between single-locus FST and average
heterozygosity estimates was found for microsatellites
(data not shown), in contrast to what expected in the case
of homoplasy (O’Reilly et al. 2004). Moreover, no significant
correlation between size and frequencies of AFLP fragments
was found; a negative significant correlation could lead to
underestimate genetic diversity and genetic divergence
within and between populations (Vekemans et al. 2002).
Thus, recurrent male gene flow possibly occurred between
the island and the continent, although the female gene pool
remained isolated for the past 1 or 2 Myr. Dispersal is
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known to differ between sexes in T. wilkinsoni, as males can
fly up to 20 km, whereas females can exceptionally reach
3–4 km (Halperin et al. 1981). This fivefold difference in
maximal dispersal is probably an underestimation of the
actual value, considering that the lifespan of the two sexes
is few hours in female and up to 10 days in male moth
(Halperin 1990). For instance, in the western sibling species
T. pityocampa the mean female dispersal is 300 m (Demolin
1969) whereas males are attracted to pheromone traps
located at about 20 km away from the nearest infested pine
forest (Kerdelhué et al. 2006). Sex-biased gene flow has
already been hypothesized to explain the incongruent
results between mitochondrial and nuclear genes in the
sibling T. pityocampa (Salvato et al. 2002) and in other forest
insects (Sallé et al. 2007).

Our results show that both types of DNA markers are
necessary to infer the genetic relatedness of populations
accurately. This is evident also in comparison between
continental populations: four populations which probably
survived on relic natural stands and thus regarded as ‘old
origin’ (Gunur, Seyhköy, Beirut and Qyriat Shemona) did
not show any reduced nuclear diversity, although they
were fixed for one single mitochondrial haplotype. This
result may indicate that reduced mitochondrial diversity is
due to a past reduction in population size, and that recurrent
male gene flow allowed the nuclear variation to be recov-
ered during the recent population history. Alternatively, in
the light of the accumulating evidence that mtDNA is often
not evolving neutrally (Ballard & Whitlock 2004), the
observed pattern may be explained by a selective sweep at
the mtDNA level. In particular, a low mitochondrial poly-
morphism could result from the linkage disequilibrium
with maternally inherited symbiont microorganisms such
as Wolbachia (reviewed in Hurst & Jiggins 2005). While the
presence of such symbionts has not been reported so far in
Thametopoea species, Wolbachia was found in one out of
nine Noctuoidea species tested (West et al. 1998), leaving
the selective sweep hypothesis open. If this is the case, we
should hypothesize at least three independent selective
sweeps, leading to the fixation of different haplotypes in
distinct geographic areas (Gunur, Seyhköy, Beirut and
Qyriat Shemona). At present, our data do not allow to dis-
criminate between the two alternative hypotheses. On the
contrary, populations from Samsun in northern Turkey,
and the four southernmost Israeli populations of Segev,
Haruvit, Yatir and Qisufim, show a reduction in both mito-
chondrial and microsatellite diversity, which is consistent
with the hypothesis of recent origin of these populations,
founded by individuals expanding from nearby localities
into new afforestation areas (Oliver 2006).

In conclusion, our findings contribute to the amount of
work recently devoted to study organism dispersal during
range expansion, to describe the pattern of genetic vari-
ation at the species’ range edge, in order to understand the

effect of different dispersal strategies on the adaptation of
new populations (e.g. Petit et al. 2004; Alleaume-Benharira
et al. 2006; Bialozyt et al. 2006). In plants, these studies
unveiled a much stronger structure at maternally than
paternally or bi-parentally inherited loci due to different
rates of seed and pollen dispersal (Petit et al. 2005). In this
respect, our results indicate a remarkable analogy in the
dispersal strategy between pine processionary females and
seeds, and between male moths and pollen. However, our
results add a further level of complexity to the picture, by
showing that the current pattern of genetic variation can
possibly result from processes so different as gene flow
replenishment by migration or selective sweeps at the
mitochondrial DNA level, and confirm the need for the use
of different markers in phylogeographic studies.
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Abstract
Background: Quaternary climatic oscillations had dramatic effects on species evolution. In northern latitudes,
populations had to survive the coldest periods in refugial areas and recurrently colonized northern regions during
interglacials. Such a history usually results in a loss of genetic diversity. Populations that did not experience
glaciations, in contrast, probably maintained most of their ancestral genetic diversity. These characteristics
dramatically affected the present-day distribution of genetic diversity and may influence the ability of species to
cope with the current global changes. We conducted a range-wide study of mitochondrial genetic diversity in the
pine processionary moth (Thaumetopoea pityocampa/T. wilkinsoni complex, Notodontidae), a forest pest occurring
around the Mediterranean Basin and in southern Europe. This species is responding to the current climate change
by rapid natural range expansion and can also be accidentally transported by humans. Our aim was to assess if
Quaternary climatic oscillations had a different effect across the species' range and to determine if genetic
footprints of contemporary processes can be identified in areas of recent introduction.

Results: We identified three main clades that were spatially structured. In most of Europe, the genetic diversity
pattern was typical for species that experienced marked glaciation cycles. Except in refugia, European populations
were characterized by the occurrence of one main haplotype and by a strong reduction in genetic diversity, which
is expected in regions that were rapidly re-colonized when climatic conditions improved. In contrast, all other
sub-clades around the Mediterranean Basin occurred in limited parts of the range and were strongly structured
in space, as is expected in regions in which the impact of glaciations was limited. In such places, genetic diversity
was retained in most populations, and almost all haplotypes were endemic. This pattern was extreme on remote
Mediterranean islands (Crete, Cyprus, Corsica) where highly differentiated, endemic haplotypes were found.
Recent introductions were typified by the existence of closely-related haplotypes in geographically distant
populations, which is difficult to detect in most of Europe because of a lack of overall genetic structure.

Conclusion: In regions that were not prone to marked glaciations, recent moth introductions/expansions could
be detected due to the existence of a strong spatial genetic structure. In contrast, in regions that experienced the
most intense Quaternary climatic oscillations, the natural populations are not genetically structured, and
contemporary patterns of population expansion remain undetected.
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Background
Past climate changes have had dramatic impact on the
geographic distribution, demography, and thus the evolu-
tion of species. The contemporary distribution of genetic
diversity cannot be understood without studying how
organisms responded to climate over geological times.
Many terrestrial species are today responding to the con-
temporary global warming [1], and their future response
will at least partially depend on their previous reactions to
climatic oscillations. The 'genetic legacy of the Quaternary
ice ages' [2], i.e. the genetic footprint of species' responses
to glacial-interglacial successions, has been extensively
studied on many species in Europe and North-America,
that is, in the geographical regions where glaciations were
most intense [3,4]. Forest insect herbivores, such as those
associated with oaks and pines in Europe and the Mediter-
ranean, for example, are known to have responded to
post-glacial warming with rapid range expansion north-
wards and eventually westwards, and to have survived gla-
ciations in southern refugia [5-10]. The intensity of the
oscillations increased with latitude, which affected the
impact they had on species occurring through a gradient
in the so-called ORD (Orbitally forced species Range
Dynamics: see [11]).

Following Pinho and collaborators [12], we can make two
predictions. In northern latitudes, where the effects of gla-
ciations were more severe, fewer and smaller patches of
suitable habitat were left for the survival of populations
across multiple glaciation cycles, which would have
resulted in overall lower diversity, and a lower number of
differentiated lineages in northern than in southern areas.
Moreover, the effects of climatic changes on the effective
population sizes were more dramatic in northern than in
southern regions, meaning that northern populations
should bear the signature of a rapid demographic expan-
sion following the climate amelioration, whereas south-
ern populations should evidence marks of more stable,
long-term effective population sizes.

Going further, Dynesius and Jansson [11] have predicted
differential evolutionary consequences depending on the
intensity of the ORD, and these predictions were empiri-
cally demonstrated for some taxa. Species that survived a
strong ORD during the Quaternary, i.e. species occurring
at higher latitudes, were selected for increased vagility and
generalism. Dispersal-related traits should have been opti-
mized during the northward progression because high
mobility provided an elevated fitness within populations
that were tracking a moving habitat. In the same way, gen-
eralists (in terms of habitat, host, or diet) had a smaller
risk of their niche disappearing. Over evolutionary times,
the selective pressures are likely to have changed, with dis-
persion and generalism favoured during interglacials, and

less so during glacial periods when the species were
restricted to suitable refugia.

The effects of differential intensities of glaciations on the
evolution of the species, described above, are expected for
mainland species for which the tracking of acceptable
environments through migration was possible. The situa-
tion was drastically different for species or populations on
islands situated beyond dispersal range, for which any
change had to be endured locally, either by altitudinal
shifts or by the evolution of local adaptations. Moreover,
smaller effective population sizes could have resulted in
loss of genetic diversity due to genetic drift. In this case,
evolution on islands may have been more rapid than the
rate of change on continents [13], and island populations
are thus expected to be highly differentiated from both a
genetic and an ecological point of view.

Species or populations that experienced marked climatic
oscillations in the past can be seen as a selected assem-
blage of geographically mobile and latitudinally-inde-
pendent organisms that are likely to be best adapted for
the future climate changes, unless human activity pre-
cludes such an option [13]. Yet, comparing the phylogeo-
graphic patterns of species occurring over a latitudinal
gradient is not straightforward, as other important factors
such as life-history traits, ecological requirements, and
dispersal ability will probably differ among species. More-
over, data on current modifications to distribution ranges
due to global changes are also required to link differential
Quaternary histories to present-day evolution.

Here, we present a range-wide genetic study of a circum-
Mediterranean insect taxon: the winter pine processionary
moth (Thaumetopoea pityocampa/wilkinsoni species com-
plex), which develops mainly on pine species (Pinus spp.).
It is a serious forest pest as it can cause heavy defoliations
of pines in Mediterranean countries. T. pityocampa has a
typical winter larval development [14]. Adults lay eggs on
pine leaves in summer, and larvae feed from needles dur-
ing fall and winter. They pupate in the soil in late winter
or early spring, and newly emerged adults disperse to
reproduce during summer. Larvae are gregarious and
develop in a typical silk shelter. Ecological and genetic
data based on mitochondrial and nuclear markers suggest
that the species exhibits clear sex-biased dispersal, as
females are poorer fliers than males [15,16]. It is present
on both the northern and southern rims of the Mediterra-
nean Basin as well as in the Middle-East (Figure 1), that is,
in regions where the impacts of glaciations varied in
intensity. Glacial cycles were probably most intense in
temperate Europe, while ice sheets are believed not to
have occurred in southern Mediterranean countries, nor
in the Near East. Populations of the pine processionary
moth are currently believed to belong to a species com-
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plex including two congeneric taxa: Thaumetopoea pityo-
campa and T. wilkinsoni. The differentiation between these
two species was recently shown [17], and the monophyly
of T. wilkinsoni populations in the near East was con-
firmed [16].

Current global changes can affect the genetic patterns of
the pine processionary moth in different ways, and super-
impose new signatures on existing natural phylogeo-
graphical structure. An increase in mean winter
temperatures in Europe is known to drive moth expansion
northward and to higher altitudes, in regions where hosts
are available, by providing suitable conditions in places
were larvae could not previously have survived [18]. And
if environmental conditions are suitable for the insect's

development, new pine plantations can also increase the
potential range of the pest by offering hosts in places
where they were not previously available. Contemporary
changes in the moth's distribution range can proceed
either from a natural, non-assisted expansion of insect
populations into newly suitable habitats, or from long-
range dispersal that is likely to be human-aided (acciden-
tal transportation of adults or larvae, or transplantation of
buried pupae when mature trees are planted). In cases of
natural expansion, we expect a gradual loss of diversity
away from the native range (e.g., [10,19]), while long-dis-
tance, assisted introductions should result in a discontin-
uous distribution of genetic diversity. A recent study of the
range-wide genetic structure of the oak gall-wasp Andricus
kollari showed that the patterns observed in England were

Ranges of the pine processionary moths indicating the occurrence of native PinusFigure 1
Ranges of the pine processionary moths indicating the occurrence of native Pinus. Thaumetopoea pityocampa, solid 
line; Thaumetopoea wilkinsoni, dashed line; A = Pinus pinea, B = P. brutia, H = P. halepensis, M = P. mugo, N = P. nigra, P = P. pinas-
ter, S = P. sylvestris. Each letter refers to a land unit where the indicated pine species is dominant but not necessarily exclusive. 
Other pine species may occur in the same area. Thaumetopoea distribution was drawn from: Anonymous (1977) Pest: Thaume-
topoea pityocampa (Schiff.) (Lep., Notodontidae) (Pine processionary moth). Distribution Maps of Pests, CAB, 366, 1-2. and Pinus 
distribution from: Richardson DM (1998) Ecology and Biogeography of Pinus. Cambridge University Press, Cambridge, UK.
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consistent with the hypothesis of man-aided, long-dis-
tance introductions [7].

The aim of our study was to infer the Quaternary history
of the species complex over its whole distribution range,
to test if the effects of Quaternary climatic oscillations can
be differentially detected in the different parts of the
range, and if any impact of global change can be detected
and interpreted in the light of the species' evolutionary
history. Both mitochondrial and nuclear markers are use-
ful to reconstruct the evolutionary history of a species
complex. Although nuclear markers such as AFLPs and
microsatellites were previously developed for this species
[15-17], we were not able to use them in this range-wide
study because of homoplasy and because of the occur-
rence of null alleles in divergent clades. We thus present
data based on mitochondrial DNA alone. As female dis-
persion is the limiting factor for species expansion, infer-
ring the history of female lineages provides a good
indication of species dispersal. Yet, potential biases due to
the use of mitochondrial markers alone, such as the selec-
tive sweep that can be caused by bacterial symbionts [20],
as well as the limits inherent to single gene phylogenies,
should be acknowledged.

Results
We obtained 34 COI and 51 COII haplotypes. Among
these, 14 COI and 21 COII haplotypes were known from
either Salvato et al. [17] or Simonato et al. [16] and were
already available in GenBank (accession numbers
EF015538-EF015549 and EF210075-EF210097). The new
haplotypes found in the present study have been depos-
ited in GenBank (accession numbers GQ507373 to
GQ507422). A total of 67 combined (COI-COII) haplo-
types (ht) were found. The selected model of evolution
was the General Time Reversible model with gamma dis-
tributed heterogeneity of rates (GTR gamma). Interest-
ingly, Bayes factors (BF) indicated a much stronger fit for
this model when a clock was assumed than when branch
lengths were unconstrained (BF = 142, computed as twice
the difference in logarithm of harmonic means of likeli-

hoods). This was confirmed when the performance of
models was assessed with the Bollback approach [21]. The
GTR gamma model was then used for all subsequent anal-
yses. The specific rates were A-C: 0.144; A-G: 1.166; A-T:
0.068; C-G: 0.031; G-T: 0.019 and  = 0.152.

Phylogenetic inference and node datation
The haplotype composition of each sampled population
is given in Additional file 1 (Sampling sites, geographic
coordinates, host pine, collector and haplotype composi-
tion of each locality). The phylogenetic analysis clearly
showed that the T. pityocampa - wilkinsoni complex was
structured in three strongly supported clades (Figure 2). A
first group of 23 ht clustered all sequences corresponding
to T. wilkinsoni [16] together with the ht found on the
island of Crete. This 'wilkinsoni clade' was the sister group
of all other ht. A second clade of 13 ht was restricted to
Libya, Tunisia (including the nearby Italian island of Pan-
telleria) and North Algeria ('Eastern North Africa clade',
hereafter ENA clade). The third clade comprised 24 Euro-
pean ht, from Spain and Portugal to Greece (with the
notable exception of Crete), together with the 7 ht found
in Morocco and South Algeria. It will hereafter be referred
to as the 'pityocampa clade'. The main nodes were dated by
Bayesian inference using a Yule prior and the estimates are
given on the phylogenetic tree (Figure 2) and in Table 1,
with 95% confidence intervals (CI). The split between the
wilkinsoni clade and the 2 others was ca. 7.5 Million years
ago (Myrs; 95% CI 5.8 - 9.3), while the separation of the
pityocampa vs. ENA clades was dated back to 6.7 Myrs (4.9
- 8.6). The age of the most recent common ancestor
(MRCA) of the wilkinsoni clade was estimated to 5.3 Myrs
(3.7 - 7.1) while that of the ENA clade was ca. 3.1 Myrs
(2.1 - 4.3) and that of the pityocampa clade was estimated
to 2.3 Myrs (1.6 - 3.1).

Further geographic structure was found within the three
main clades. In the wilkinsoni clade, 4 distinct sub-clades
were found with very high support values (Figure 2). The
Cretan sub-clade formed the sister group of all other ht.
The Cypriot ht were the sister group of the North & West

Table 1: Age estimates of phylogenetic tree nodes and 95% confidence intervals.

Node code Estimated age of the node (in Myrs) 95% confidence interval (in Myrs)

A 7.450 5.776 - 9.271
B 6.742 4.892 - 8.613
C 2.348 1.631 - 3.124
D 1.772 0.921 - 2.725
E 3.146 2.104 - 4.298
F 1.364 0.766- 2.025
G 5.332 3.688 - 7.067
H 1.846 1.210 - 2.545
I 1.259 0.742 - 1.060

Estimations were performed by analysing all the haplotypes and assuming a Yule prior. The node codes are given in Figure 2.
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Bayesian consensus tree for all Mediterranean Thaumetopoea pityocampa and T. wilkinsoni haplotypes rooted on T. processioneaFigure 2
Bayesian consensus tree for all Mediterranean Thaumetopoea pityocampa and T. wilkinsoni haplotypes rooted 
on T. processionea. Bayesian supports over 0.5 are given. The arrows show the estimated age of the most recent common 
ancestors (in million years) of the deeper supported nodes. Age estimates and their corresponding 95% confidence intervals 
are given in Tables 1 & 2.
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Geographical distribution of mitochondrial haplotypes of the Thaumetopoea pityocampa/T. wilkinsoni complex, and within-clade haplotype networksFigure 3
Geographical distribution of mitochondrial haplotypes of the Thaumetopoea pityocampa/T. wilkinsoni complex, 
and within-clade haplotype networks. A. Geographical mapping of haplotypes in the sampled populations. Circles are pro-
portional to the number of individuals analyzed in each population and colors refer to the major clades identified in network 
analyses. Codes of populations are given in Additional file 1. B. Haplotype network of the 'pityocampa' clade. Each line in the 
network represents a single mutational change. Empty circles indicate intermediate, missing haplotypes. C. Haplotype network 
of the 'Eastern North Africa' clade. D. Haplotype network of the 'wilkinsoni' clade.
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Turkey sub-clade and of the sub-clade grouping the ht
from East Turkey, Lebanon and Israel. The ENA clade was
divided in 3 sub-clades corresponding to the 3 countries
in which the larvae were sampled. The Libyan ht formed a
sister group relative to the North Algerian and to the Tuni-
sian sub-clades. Finally, the pityocampa clade was com-
prised of five strongly supported geographical groups.
Haplotypes from the island of Corsica appeared as the sis-
ter-group of the four remaining sub-clades: (i) the Iberian
Peninsula, (ii) North Morocco, (iii) South Morocco &
South Algeria and (iv) the Rest of Europe. Interestingly, 16
individuals sampled in Spain and 2 individuals from
western Turkey had "Rest of Europe" haplotypes (Figure
3).

Time of most recent ancestor (tMRCA) of each sub-clade
was estimated by Bayesian inference including all the
individuals of a given group and assuming a priori either
a constant population size or an exponential growth.

However, the rate of exponential growth resulted to be
positive, with an associated 95% confidence interval
excluding 0, for the Rest of Europe only (g = 6.2 10-5 yrs-1;
95% CI: 6.2 10-6 - 1.4 10-1 yrs-1); tMRCAs obtained with an
exponential prior are reported only for this group (Table
2). Keeping in mind that our use of a rate from phyloge-
netics studies will bias estimates upwards, estimated ages
for tMRCA resulted to range from 532 000 years ago for
North Morocco to 90 000 years ago for Rest of Europe.

Haplotype distribution and haplotype network
Haplotype networks were reconstructed for each of the 3
main clades, and haplotype distributions were mapped
(Figure 3). The haplotype networks recovered the same
strong geographical patterns as the phylogenetic tree.
Within the wilkinsoni clade, most ht were found in a single
population, except ht 5J (found throughout Lebanon and
Israel and shared by 91 individuals), and ht 4N, 12R and
12K that each occurred in two populations (see Addi-

Table 2: Estimates of tMRCAs of the most recent nodes (main sub-clades) and 95% confidence intervals.

Sub-clade tMRCA (in Myrs) 95% confidence interval (in Myrs) Tree Prior

Rest of Europe 0.090 0.028 - 0.172 Exponential*
Iberian Peninsula 0.091 0.005 - 0.201 Constant

South Algeria - South Morocco 0.130 0.011 - 0.290 Constant
North Morocco 0.532 0.194 - 0.905 Constant

Corsica --** Constant
North Algeria 0.171 0.026 - 0.355 Constant

Tunisia 0.326 0.092 - 0.601 Constant
Libya --** Constant

N & W Turkey 0.332 0.114 - 0.608 Constant
E. Turkey, Lebanon, Israel 0.417 0.148 - 0.711 Constant

Cyprus 0.151 0.021 - 0.313 Constant
Crete 0.381 0.116 - 0.688 Constant

Estimates were obtained by assuming a coalescent prior of constant size or exponential growth and by including all the sequences of each given sub-
clade. Names are the same as in Figure 2.
* Results based on an exponential prior are reported because the rate of exponential growth (g) was significantly higher than 0 for this group.
** MCMC did not converge due to small sample size (N = 10 and 6 for Corsica and Libya, respectively)

Table 3: Indices of genetic diversity per identified sub-clade, Tajima's D and Fu's Fs statistics

Sub-clade N Hd Tajima's D Fu's Fs

Corsica 10 0.36 0.06% 0.01 NS 0.42 NS
South Algeria - South Morocco 13 0.73 0.15% - 0.14 NS - 0.69 NS
North Morocco 24 0.55 0.69% 2.35 NS 7.22 NS
Iberian Peninsula 61 0.60 0.12% 0.18 NS 0.10 NS
Rest of Europe 358 0.44 0.11% - 1.82 ** - 15.82 **
North Algeria 12 0.79 0.19% - 0.54 NS - 1.61 NS
Tunisia 30 0.62 0.30% 0.10 NS 1.04 NS
Libya 6 - - - -
Crete 21 0.55 0.52% 2.03 NS 5.26 NS
Cyprus 19 0.72 0.15% -0.60 NS - 1.42 NS
North & West Turkey 45 0.68 0.20% - 0.93 NS - 0.56 NS
East Turkey, Lebanon, Israel 133 0.51 0.35% - 0.10 NS 0.44 NS

N: # individuals; Hd: gene diversity; : nucleotide diversity per site. NS: non significant; **: p < 0.001. The names of the sub-clades are the same as 
in Figure 2.
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tional file 1, sampling sites, geographic coordinates, host
pine, collector and haplotype composition of each local-
ity). All but one ht (20AF, found in Tunisia and Pantelle-
ria) in the ENA clade were endemic to one population.
Finally, the pityocampa clade was divided into the 5 sub-
clades found on the phylogenetic tree. The network of the
Rest of Europe sub-clade was star-shaped (which is typical
for expanding populations), with one main ht shared by
ca. 74% of sampled individuals and all other ht diverging
from it by only one or two mutations. Haplotype 1G was
restricted to central and southern Italy. Interestingly, all
other haplotypes in Europe were rare, shared by 6 individ-
uals at most and usually endemic to one population. In
the Iberian Peninsula, ht 29BA was found in 57% of indi-
viduals and in all populations but Gibraltar and two
southern sites. None of the other sub-clades in the pityo-
campa group showed a star shape.

Within population, gene diversity H and nucleotide diver-
sity per site  are given in Additional file 1. Fu's Fs and
Tajima's D were estimated and tested within each of the
12 sub-clades except for the Libyan group as it was com-
posed of only 6 individuals. Both indices were signifi-
cantly negative only in the Rest of Europe sub-clade (see
Figures 2 &3 and Table 3). Mismatch analyses were con-
sistent with the sudden expansion model for this sub-
clade (SSD = 0.00298, P = 0.746) and showed a unimodal
distribution that closely fit the expected distribution. In
this sub-clade,  was estimated to 1.77 (95% CI: 0 - 4.20),
and the corresponding expansion was thus estimated to
date back ca. 147 000 years (95% CI: 0 - 348 261 years).

Discussion
Overall phylogenetic patterns around the Mediterranean 
Basin
The pine processionary moth is currently understood to
consist of a species complex containing two taxa, namely
Thaumetopoea pityocampa and T. wilkinsoni [16,17]. Sur-
prisingly, the thorough sampling we obtained clearly
proved that the species complex is composed of three
rather than two main clades, as the populations from ENA
appeared as the monophyletic sister group of the pityo-
campa clade (Figure 2), and the wilkinsoni clade (including
populations from Crete) as the sister group of the ENA
and pityocampa clades. Determining the taxonomic status
of the clusters identified here is beyond the scope of the
present study, and would need complementary data such
as nuclear markers and morphological data. For this rea-
son, we will hereafter mention three clades (the pityo-
campa clade, the ENA clade and the wilkinsoni clade)
without further discussion of their taxonomic level.

Another striking result is that the species complex is
ancient, and predates the Quaternary by a few million
years. In a previous study, the divergence between

Thaumetopoea pityocampa and T. wilkinsoni was estimated
to 4.5 - 5.2 Myrs [17]. That result was obtained from a lim-
ited sampling, in which only the European clade of T. pit-
yocampa (as the population from Spain contained only
European haplotypes rather than Iberian ones) and one
Turkish population of T. wilkinsoni were analyzed. In the
study presented here, a thorough sampling of populations
(including the Cretan lineage of wilkinsoni, as well as most
sub-clades of pityocampa and the previously unknown
ENA clade) and a Bayesian approach taking into account
the gamma-distributed heterogeneity of rates, allowed us
to obtain a different estimate for the age of the main evo-
lutionary events. In particular, the split between the
wilkinsoni and the pityocampa-ENA clades was dated on
average to 7.5 Myrs, with a confidence interval of 5.8 - 9.3
Myrs, which could correspond to the full opening of the
Aegean Trench ca. 9 Myrs ago [4,22]. Interestingly, within
the wilkinsoni clade, the estimates of node ages we
obtained were very similar to estimates obtained previ-
ously using codon-partitioned models [16]. While we did
not have enough a priori evidence to calibrate our own
molecular clock, it should be noted that, by using the uni-
versal rate, the divergence of Crete from all the other
wilkinsoni haplotypes was dated back to about 5.3 Myrs,
which corresponds to the Messinian salinity crisis and the
time when the Mediterranean Sea was at its lowest level,
thus making the colonization of islands easier [23]. Node
ages should, however, always be interpreted with caution,
given that a single mitochondrial locus was used [20].

The differentiation between the pityocampa and the ENA
clades was unexpected, and cannot be explained by classi-
cal barriers to gene flow such as mountain ranges or frag-
mentation of suitable habitats. Similar patterns of East-
West genetic differentiation have occasionally been found
in North Africa for other organisms [24-27], but were esti-
mated to date back to various times, from 1.6 to 12 Myrs.
A range of hypotheses have been proposed by the authors
to explain the abrupt genetic differentiation within spe-
cies in this region. They invoked either climatic scenarios,
with the rapid alternations of arid and humid periods act-
ing as a spatially structuring force in this region during the
Quaternary; or biogeographical scenarios such as the for-
mation of the Straits of Gibraltar after the Messinian salin-
ity crisis, the split of the Tellian (Tell) Atlas at the Sicilian
Channel, or the more ancient formation of the Neo-Pyr-
enees. Indeed, the pine processionary moth depends on
the presence of pine hosts for development, and it is
known to be susceptible to summer aridity and excessive
heat [28]. Moreover, it was recently shown that barriers of
moderate altitude can hamper gene flow in this species
[29]. Finally, the species also exhibits large among-popu-
lation variation in term of reproductive phenology [28]
that permits the adaptation of populations to the local cli-
matic conditions and may also limit gene flow. Thus, the
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conjunction of major biogeographical events (the rise of
the Tellian Atlas) and late Tertiary climatic change (with a
possible gap in host availability during more arid phases)
could explain the split that occurred between the pityo-
campa and the ENA clades some 6-7 Myrs ago.

If the main divergences within the T. pityocampa/wilkinsoni
complex date from the end of the Miocene, all clades also
predate the Quaternary. Each of the identified clades thus
experienced the Quaternary climatic oscillations after they
split from a common ancestor, and the impact of ice ages
can easily be compared between these closely-related clus-
ters.

Phylogeographical patterns and within-clade structures
Each of the three identified clades showed a strong phylo-
geographical structure, and was composed of 3, 4 or 5
well-differentiated sub-clades. With the notable exception
of the Rest of Europe (see below), each sub-clade was
restricted to a rather narrow geographical region. Interest-
ingly, a vast majority of haplotypes (54 out of 67) were
endemic to one single population, and only five were
found in three or more populations. Thus, the pine pro-
cessionary moth exhibits an extreme spatial structure and
a highly reduced mitochondrial female gene flow even on
a regional scale, even though results based solely on a
mitochondrial marker should be interpreted with caution.
Over most of the distribution range, the actual dispersal of
the females is thus highly limited. The main barriers to
gene flow are sea straits, mountain ranges (the Pyrenees,
Taurus Mountains, High Atlas, Saharian Atlas), or desert
regions where hosts are lacking (Libya).

Within-clade structures were all dated back to at least 1.3
Myrs (Figure 2), i.e. to the Early- or Mid- Pleistocene. One
could suggest that local ecological pressures recurrently
acted to reinforce and maintain the genetic structures
whenever gene flow had been interrupted. As migration is
very limited and cannot counteract the effects of drift,
genetic differentiation then simply increases with time,
leading to divergent lineages in different regions. Ecologi-
cal factors involved in differentiation include reproduc-
tive phenology, which can prevent mating by shifting
adult emergence periods in different populations, or local
adaptation to host characteristics, which, it has been
proved, can lead to complete mortality in translocated lar-
vae [30]. A more precise sampling in North Africa would
allow the delimitation of the exact distribution ranges of
each sub-clade, and the determination of whether contact
zones do exist between them.

Once again with the exception of the Rest of Europe sub-
clade, a majority of the sampled populations in the natu-
ral area of the species show more than one haplotype,
even when only 5-10 individuals were sampled, and even

at the edge of the distribution or in very isolated places
such as Libya or on remote islands. Like many insects, the
processionary moth has evolved the capacity of prolonged
diapause, which allows the emergence of adults of the
same generation over several years, thus limiting the risk
of local extinction and increasing the probability of
retaining local genetic diversity. A high genetic diversity in
the southernmost populations has also been observed for
other Mediterranean insect species (e.g., [8,9,31,32]).
Interestingly, no sign of demographic expansion could be
detected in these regions, as is expected in regions where
glaciations were less intense [12]. However, one region in
the Near East is characterized by an extreme genetic dep-
auperization as one single haplotype is present in Leba-
non and Israel. This is probably linked to the very recent
origin of moth populations in this region, where pine
trees were not present before the beginning of the XXth

century except for remote relictual stands (see Simonato et
al. [16] for a detailed discussion). The moth has expanded
slowly following afforestation. Recent expansions due to
global changes are discussed below.

Europe (except the Iberian Peninsula that harbours a spe-
cific sub-clade) is characterized by a major haplotype that
occurs from the Atlantic coast to the Greek islands and
even along the Turkish border. Moreover, the Rest of
Europe sub-clade had the star-shape that is typical for
populations expanding after a demographic bottleneck
[33], and the Bayesian analyses indicated for this group a
positive exponential growth supporting a past demo-
graphic expansion [34,35]. Tajima's D and Fu's Fs statis-
tics revealed an excess of rare haplotypes and allowed us
to reject mutation-drift equilibrium. As similar results can
be obtained from different processes (see for instance
[36,37]), we conducted a mismatch analysis that also
indicated that European populations underwent bottle-
neck events due to the recurrent glaciation periods and
then recurrently expanded after the retreat of the ice. Such
results are classically found for temperate and cold-sensi-
tive species in this region [4,9,10]. The spatial distribution
of the rare haplotypes gives insights into the existence and
locality of refugial areas where the moths survived the gla-
ciations, and possibly also the interglacials as this Medi-
terranean species is susceptible to both winter cold and
summer heat and aridity [28]. As for most of the European
temperate species, these moth refugia are located in the
Balkans and in Italy, as well as in the western part of the
Iberian Peninsula [4]. Our results also show that the Alps
and the North of Italy form a region with a high propor-
tion of endemic haplotypes, thus differing from all other
regions in Europe. This could indicate that this area also
was a Quaternary refugium where part of the ancestral
polymorphism was locally retained. Interestingly, the
Alpine Arc was recently proved to be a refugial area for
Pinus sylvestris [38], which suggests that the refugial moth
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populations could have survived the glacial maxima in
this region on that particular host.

With the exception of Lebanon and Israel where the moth
settled and expanded only recently (see below), our
results show contrasting patterns of evolution during the
Quaternary in the different regions of the moth's distribu-
tion range, corresponding to our expectations. In particu-
lar, populations occurring in the highest latitudes exhibit
a radically different genetic footprint to that of all other
sub-clades. If moth populations in the vast majority of the
distribution range are characterized by a strong spatial
genetic structure, a high number of endemic haplotypes
and a restricted geographical range for each identified sub-
clade, the patterns in the Rest of Europe are completely
the opposite. In this European region, overall genetic
diversity is low; spatial genetic structure is limited as a
consequence of the large distribution of the major haplo-
type 1A; and this single sub-clade is distributed over one
half of the total distribution area of the species complex.
Moreover, signs of recent expansion were detected only in
the European sub-clade, that is, in the region where glacial
cycles were probably most intense. As for most European
species, endemic haplotypes and some genetic variability
can still be detected in plausible refugial areas near the
Pyrenees, in Italy and in the Balkans [4,8,13]. In the rest
of the area, the recurrent northward expansions that fol-
lowed climate warming after glacial maxima were proba-
bly rapid, pioneer-like [39], and lead to a genetic
homogenization of populations. In other temperate forest
insect species, genetic diversity was also mostly retained
either in the southernmost populations [9,31], or in the
eastern regions where the impact of the Quaternary cycles
was less pronounced (as for Andricus gall wasps develop-
ing on oaks, see [5,6,32]).

Evolution of insular populations
In each of the three main clades, the most divergent sub-
clade corresponds to an island, or to an island-like conti-
nental region. The Corsican ht are the most differentiated
within the pityocampa clade, the Cretan ht form the sister-
group of all other sub-clades within the wilkinsoni clade,
and the highly isolated moths of Cyrenaica (Libya) are
most divergent in the ENA clade. Moreover, the second
most differentiated group in the wilkinsoni clade is the
Cypriot cluster. Each of the island lineages thus diverged
from the corresponding sub-clade a long time ago (from
5.3 Myrs for the Cretan haplotypes to 1.8 Myrs for
Cyprus). On the other hand, the most recent common
ancestors for each island are much more recent (0.38 Myrs
in Crete and 0.15 Myrs in Cyprus for example). Hence, it
is not possible at this point to determine when exactly the
colonization of each island (or isolated place) occurred,
and for how long the moths have been isolated from the
continent. However, even if we consider only the esti-

mated age of the MRCA (which could be overestimated
because we used a rate from phylogenetic studies, see [40],
though the use of a Bayesian coalescent prior should in
part address this problem), we can suggest that the pine
processionary moths survived locally on these remote
islands without female exchanges from the continent dur-
ing few glacial cycles. As a consequence, they had to
evolve locally to cope with at least some Quaternary oscil-
lations and environmental changes [13]. The quite recent
estimate for the age of MRCA for each island could be due
to a founder effect followed by the effect of genetic drift in
small populations [5], as well as by fixation of selected
variation. We have evidence, in the pine processionary
moth, that male gene flow have occurred between Cyprus
and the continent [16], as was suggested by the strong
genetic similarity between Cypriot and Turkish popula-
tions found with both AFLPs and microsatellite markers.
This could also be true for islands situated at moderate
distance from the continent.

Contemporary patterns in a historical context
In recent years, the distribution range of the processionary
moth has been affected by global changes, mainly
through winter warming [18] and pine afforestation.
Moreover, it is suspected that human-aided dispersal
occurs over various distances, either via 'hitch-hiking'
(passive transportation of individuals) or accidental trans-
plantation of pupae with grown trees moved with a sub-
stantial amount of soil. The genetic signatures of these
contemporary events will be different, and may not be
easy to detect in all regions. In most regions around the
Mediterranean Basin, apart from Europe, the natural phy-
logeographic pattern consists of genetically diverse and
spatially structured populations. Regions with surpris-
ingly low levels of genetic diversity (e.g. Lebanon and
Israel), or sampling sites that are genetically closely
related to geographically distant populations (e.g. site 53
in Turkey, or 69 in Algeria) can be easily identified. These
sites actually correspond to zones of recent moth expan-
sion either following anthropogenic pine expansion, such
as in Israel or Algeria where pines were planted both in the
beginning and at the end of the XXth century, or following
the ongoing climate warming that allows insects to sur-
vive winter in places where they could not some decades
ago (site 53 near the Black Sea). Given the natural spatial
genetic structure in these regions, the recent modifications
in moth distributions due to global changes are actually
easy to track. The populations discussed above all likely
originated from the closest natural stand, and could be the
result of non-assisted moth expansion (but a better sam-
pling in Algeria is needed to confirm this). The mitochon-
drial marker we used here would also be useful to identify
between-subclades female gene flow, but a nuclear marker
is necessary to track male exchanges. In most of Europe,
however, where the populations are not genetically struc-
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tured in space and where overall genetic diversity is low,
probably as a consequence of Quaternary history, one
cannot distinguish recent and historical events, as con-
temporary expansions (proved at both higher latitudes
and altitudes, see [18]) result in the loss of genetic diver-
sity, as in the case of rapid, leptokurtic dispersal north-
wards that allowed re-colonization of northern habitats
during interglacials [10,19].

The patterns are somewhat different for islands. Some har-
bour populations of moths that are genetically very close,
or even similar, to their closest continental neighbours.
This is not surprising for islands that are located very close
to the continent, like most Greek islands or Sicily, that can
probably be recurrently colonized from mainland
sources. A similar result was found, for example, for
rodents [41]. In contrast, one would expect the popula-
tions of Sardinia, Pantelleria, or the Balearic Islands, that
are beyond the natural dispersal range, to be highly differ-
entiated, as are the moths from Corsica, Cyprus or Crete.
In Sardinia, pines are still very rare and, until recently, no
pine processionary moths were found on the island. In
2004-2005, pines were transplanted from Tuscany and a
population of the moth was detected the following year
[42]. Not surprisingly, the moths sampled in Sardinia all
bore the haplotype found in Tuscany, showing that the
pests were accidentally introduced with their hosts. A sim-
ilar hypothesis could be invoked to explain the occurrence
of moths bearing the major haplotype 1A in the Balearic
Islands, where the moth was first detected in the 1950s
(G. Sanchez, pers. com.). The situation on the island of
Pantelleria is different as genetic data show that pine trees
(Pinus pinaster) occur naturally and exhibit a high degree
of local genetic diversity [43]. In contrast to its pine host,
the local moth population has low genetic diversity and
bears the main Tunisian haplotype, suggesting that it was
recently introduced.

Conclusion
We conducted a range-wide study of genetic diversity in a
species complex occurring across regions in which Quater-
nary oscillations differed in intensity - or were absent. We
have clearly shown that the sub-clade distributed over
Europe had a phylogeographical pattern typical for spe-
cies that experienced marked glaciation cycles. Refugial
areas, where genetic diversity was retained and where
endemic haplotypes were found, were identified in Italy,
in the Alps and in the Balkans. All other populations were
characterized by the occurrence of one main haplotype
and by a strong reduction in genetic diversity, as is
expected in regions that were rapidly re-colonized by a
limited number of migrants when climatic conditions
improved. We have ecological evidence that the moth
populations are currently experiencing an expansion due
to global change (both climate warming and host planta-

tions). However, in the temperate regions of Europe, the
natural populations are not genetically structured in
space. The contemporary patterns are thus indistinguisha-
ble from historical ones as they also consist in progres-
sions of the most widely distributed haplotypes. In
contrast, all other sub-clades occur in limited ranges and
are strongly structured in space, as is expected in regions
that did not experience Quaternary cycles of glaciations.
In these areas, genetic diversity has been retained in most
populations, and each haplotype is usually found in only
one population. The genetic signatures of recent moth
introductions/expansions in these regions can be easily
detected: recent expansions are characterized by the loss
of genetic diversity across whole regions (e.g. Lebanon
and Israel), and recent introductions are typified by the
existence of closely related haplotypes in geographically
distant populations. A strong differentiation is also
expected for island populations if the island colonization
occurred naturally in geological times. Thus, the occur-
rence (or not) of a significant 'natural' genetic structure of
populations will determine whether or not recent expan-
sions or introductions can be detected in the genetic data.

Complementary data based on polymorphic nuclear
sequences would now be useful to compare biparental
and maternally inherited markers, and to detect how male
dispersal may have influenced the global evolutionary
history of the species. Finally, our findings could be inter-
esting for pest control as individuals present in different
clades or sub-clades may have evolved different ecological
characteristics (dispersal ability, host adaptation, egg size,
resistance to parasitoids or pathogens), which can affect
pest management strategies. Phenotypic traits should now
be measured within each phylogenetic clade and sub-
clade and compared between regions to test this hypothe-
sis.

Methods
Moth sampling
Eggs and larvae of Thaumetopoea pityocampa and T. wilkin-
soni were collected in 51 different locations from 16 coun-
tries in Europe and around the Mediterranean Basin. In
addition, data from the 9 populations studied in Salvato
et al. [17] and the 14 populations from Simonato et al.
[16] were updated with newly sampled individuals and
used here. The complete data set thus consisted of 74 pop-
ulations (see Additional file 1 and Figure 3). Two to 26
individuals were sampled per population following a pro-
tocol described elsewhere [16], except in one locality in
Morocco where only one individual could be found.

DNA protocols
DNA was extracted using a salting-out procedure [44].
Two mitochondrial DNA (mtDNA) fragments, corre-
sponding to parts of the COI and COII genes, were ampli-
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fied from 732 individuals and analyzed by SSCP, as
described in Salvato et al. [17]. For each mobility class, 1-
5 individuals were sequenced to check for the accuracy of
SSCP analysis and to determine the corresponding haplo-
type. Sequences were aligned using ClustalX [45].
Sequences of COI (263 bp) and COII (341 bp) fragments
were then concatenated, resulting in a 604 bp-long final
alignment.

Data analyses
A partition homogeneity test was performed for the COI
and COII fragments using Paup*4b10 [46]. The test con-
firmed that these regions contained homogeneous signals
(p = 0.15), allowing data to be pooled for further analyses.

Model selection was performed using a Bayesian frame-
work, through comparison of Bayes factors [47]. In addi-
tion, model performance was assessed using a posterior
predictive test [48]. Models tested were selected using a
modified version of Hierarchy 1 in MrModeltest 2.2 [49],
enforcing or not a molecular clock. Given the limited
length of the fragment analyzed and the correlation
between proportion of invariant sites and the parameter
alpha of the gamma distribution [47], we decided not to
consider the invariant+gamma models.

For Bayes factors calculation, likelihoods for a given
model were estimated using MrBayes v3.1.2 [50], and har-
monic means were used as estimators of the overall mar-
ginal likelihood of the model. Each MrBayes analysis was
the result of two independent chains of 2.106 generations,
incrementally heated with T = 0.15. Convergence was
assessed by computing the potential scale reduction factor
with sump in MrBayes. Differences between Bayes factors
obtained from the different models tested, calculated as
twice the difference in the logarithm of harmonic means
of likelihoods, were compared with reference values from
Kass and Raftery [51].

For model performance assessment we chose as discrep-
ancy variable the multinomial test statistics [52]. Posterior
predictive distribution was evaluated through Monte-
Carlo simulations of 1,000 datasets for each model using
posterior densities of model parameters (tree topology,
branch lengths and substitution parameters) inferred by
MrBayes. MAPPS software [21] was used for simulations.
The discrepancy between observed test statistics and sim-
ulated predictive distributions in the various models was
quantified using Bayesian p-values [48] and the L-crite-
rion proposed by Laud and Ibrahim [53], both computed
with MAPPS.

Relationships between haplotypes and molecular dating
were estimated by Bayesian inference of phylogeny using
Beast v1.4.8 [54]. The model of sequence evolution and

clock assumptions followed the results obtained from pre-
vious analyses and a Yule prior on the tree was assumed
[55,56]; Markov chain Monte Carlo (MCMC) was run for
10 million generations, results being logged every 1,000
generations. After discarding the first 10% of the chain,
convergence was checked by monitoring traces of sampled
parameters and effective sample size following authors'
suggestions. Analyses were cross-checked with MrBayes
and the time of the most recent common ancestor
(tMRCA) of selected clades was determined, assuming a
sequence divergence rate of 2% per million years [57], and
reported as a mean value with 95% highest posterior den-
sity interval (HPD).

For the most recent nodes, demographic Bayesian analy-
ses were performed separately for each of the identified
sub-clades using Beast and including all the sequences of
a given group. Assumptions and settings were the same as
above, except that coalescent priors of constant size and of
exponential growth were used instead of Yule priors, and
that two MCMC runs of 100 million steps were per-
formed. tMRCAs of recent sub-clades were estimated
assuming a 2% divergence, and must therefore be inter-
preted as the maximum age for a given sub-clade [40].

The phylogenetic reconstructions allowed us to identify
three highly supported monophyletic clades within which
a statistical parsimony network was computed using TCS
v1.21 [58]. Such a network estimates genes genealogies
from DNA sequences following the method described in
Templeton et al. [59].

Gene diversity H and nucleotide diversity per site  were
calculated within populations and within previously
identified sub-clades. To infer whether each sub-clade has
experienced recent population expansions, Tajima's D
and Fu's Fs statistics were calculated and tested with
DnaSP 4.10 [60]. Mismatch distributions of the pairwise
genetic differences [61] were then performed using Arle-
quin 3.1 [62] and their goodness-of-fit to a sudden expan-
sion model was tested using parametric bootstrap
approaches (1000 replicates). The sum of squared devia-
tions (SSD) between the observed and expected mismatch
distributions was used to assess the significance of the test.
Mismatch analyses were also used to estimate the approx-
imate timing of expansion in the sub-clades where muta-
tion-drift equilibrium was rejected. We used the
relationship  = 2ut [61],  being the age of expansion
measured in units of mutational time, t the expansion
time in number of generations, and u the mutation rate
per sequence and per generation. This last value was cal-
culated using the relationship u = 2 k, with  the muta-
tion rate per nucleotide and k the length of the sequence
in nucleotides. The 2% pairwise sequence divergence
defined by DeSalle [57] was used to approximate .
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The previous paper has been completed by a further manuscript to which I contributed 

marginally, accepted for publication in Journal of Biogeography in December 2009, as 

from the abtract: 

 

The role of topography in structuring the demographic history of the pine 

processionary moth, Thaumetopoea pityocampa (Lepidoptera: Notodontidae) 

 

Jérôme Rousselet1*, Ruixing Zhao1,2, Dallal Argal1, Mauro Simonato3, Andrea Battisti3, 

Alain Roques1 & Carole Kerdelhué4 
1 INRA, UR633 Unité de Recherche de Zoologie Forestière, F-45075 Orléans, France 
2 Liaoning Forest Pest and Disease Control and Quarantine Station, Changjiang Street, 

Huanggu District, 110036 Shenyang, China 
3 Dipartimento di Agronomia Ambientale e Produzioni Vegetali, Agripolis, Università di 

Padova, 35020 Legnaro PD, Italy 
4 INRA, UMR1202 BIOGECO, F-33610 Cestas, France 

 

ABSTRACT 

Aim We investigated the Quaternary history of the pine processionary moth, 

Thaumetopoea pityocampa, an oligophagous insect currently expanding its range. We 

tested the potential role played by mountain ranges during the post-glacial recolonization of 

western Europe. 

Location Western Europe, with a focus on the Pyrenees, Massif Central and western 

Alps. 

Methods Maternal genetic structure was investigated using a fragment of the 

mitochondrial cytochrome c oxidase subunit I (COI) gene. We performed phylogenetic 

analyses, hierarchical analysis of molecular variance, and investigated signs of past 

expansion. 

Results A strong phylogeographic pattern was found, with two deeply divergent clades. 

Surprisingly, these clades were not separated by the Pyrenees but rather were distributed 

from western to central Iberia and from eastern Iberia to the Italian peninsula, respectively. 

This latter group consisted of three shallowly divergent lineages that exhibited strong 

geographic structure and independent population expansions. The three identified lineages 
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occurred: (1) on both sides of the Pyrenean range, with more genetically diverse 

populations in the east, (2) from eastern Iberia to western France, with a higher genetic 

diversity in the south, and (3) from the western Massif Central to Italy. Admixture areas 

were found at the foot of the Pyrenees and Massif Central. 

Main conclusions The identified genetic lineages were geographically structured, but 

surprisingly the unsuitable high elevation areas of the main mountainous ranges were not 

responsible for the spatial separation of genetic groups. Rather than acting as barriers to 

dispersal, mountains appear to have served as refugia during the Pleistocene glaciations, 

and current distributions largely reflect expansion from these bottlenecked refugial 

populations. The western and central Iberian clade did not contribute to the northward post-

glacial recolonization of Europe, but its northern limit does not correspond to the Pyrenees. 

The different contributions of the identified refugia to post-glacial expansion might be 

explained by differences in host plant species richness. For example, the Pyrenean lineage 

could have been trapped elevationally by tracking montane pines, while the eastern Iberian 

lineage could have expanded latitudinally by tracking thermophilic lowland pine species. 
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Abstract
Background: Knowledge of animal mitochondrial genomes is very important to understand their
molecular evolution as well as for phylogenetic and population genetic studies. The Lepidoptera
encompasses more than 160,000 described species and is one of the largest insect orders. To date
only nine lepidopteran mitochondrial DNAs have been fully and two others partly sequenced.
Furthermore the taxon sampling is very scant. Thus advance of lepidopteran mitogenomics deeply
requires new genomes derived from a broad taxon sampling. In present work we describe the
mitochondrial genome of the moth Ochrogaster lunifer.

Results: The mitochondrial genome of O. lunifer is a circular molecule 15593 bp long. It includes
the entire set of 37 genes usually present in animal mitochondrial genomes. It contains also 7
intergenic spacers. The gene order of the newly sequenced genome is that typical for Lepidoptera
and differs from the insect ancestral type for the placement of trnM. The 77.84% A+T content of
its  strand is the lowest among known lepidopteran genomes. The mitochondrial genome of O.
lunifer exhibits one of the most marked C-skew among available insect Pterygota genomes. The
protein-coding genes have typical mitochondrial start codons except for cox1 that present an
unusual CGA. The O. lunifer genome exhibits the less biased synonymous codon usage among
lepidopterans. Comparative genomics analysis study identified atp6, cox1, cox2 as cox3, cob, nad1,
nad2, nad4, and nad5 as potential markers for population genetics/phylogenetics studies. A peculiar
feature of O. lunifer mitochondrial genome it that the intergenic spacers are mostly made by
repetitive sequences.

Conclusion: The mitochondrial genome of O. lunifer is the first representative of superfamily
Noctuoidea that account for about 40% of all described Lepidoptera. New genome shares many
features with other known lepidopteran genomes. It differs however for its low A+T content and
marked C-skew. Compared to other lepidopteran genomes it is less biased in synonymous codon
usage. Comparative evolutionary analysis of lepidopteran mitochondrial genomes allowed the
identification of previously neglected coding genes as potential phylogenetic markers. Presence of
repetitive elements in intergenic spacers of O. lunifer genome supports the role of DNA slippage as
possible mechanism to produce spacers during replication.
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Background
Animal mitochondrial genomes (mtDNAs) are usually
circular molecules spanning 16–20 kbp that contain 13
protein-coding genes (PCGs), 2 ribosomal RNA and 22
transfer (tRNA) genes [1]. Non-coding control elements,
that regulate the transcription and replication of the
genome, are also present in mtDNAs [1,2]. Mitochondrial
genomes are very important subject for different scientific
disciplines including animal health, comparative and evo-
lutionary genomics, molecular evolution, phylogenetics
and population genetics. However, current knowledge on
mtDNAs is very uneven as well exemplified by sequences
available in GenBank that were obtained mostly from ver-
tebrate taxa. Insects constitute the most species-rich class
among animals with almost a million of taxa described to
date [3]. Within the insects, the Lepidoptera (butterflies
plus moths) order accounts for more than 160,000 species
[4]. Despite this huge taxonomic diversity the existing
information on lepidopteran mtDNA is very limited.
Complete sequences have been determined for the two
butterflies Coreana raphaelis and Artogeia melete, and for
the seven moths Adoxophyes honmai, Antheraea pernyi,
Bombyx mori, Bombyx mandarina and Manduca sexta, Phtho-
nandria atrilineata and Saturnia boisduvalii [5-9] while near
complete sequences exist for Ostrinia furnacalis and
Ostrinia nubilalis [10] (Table 1). Current genomic knowl-
edge of Lepidoptera is very scanty and the covered taxon-
sampling is extremely poor and limited to six super-
familes among the 45–48 known, and to 9 families of the
recognized 120 [4]. A better understanding of the lepidop-
teran mtDNA requires an expansion of taxon and genome
samplings. We were able to fully sequence the mitochon-
drial genome of the bag-shelter moth Ochrogaster lunifer.
The newly determined mtDNA is the first complete
sequence for the Superfamily Noctuoidea, a very large
assemblage that accounts for about 40% of all described
Lepidoptera. [4]. In the present paper the Ochrogaster
genome is described and compared with mtDNAs of other
lepidopterans as well as pterygote Insecta.

Results and discussion
Genome organization, structure and composition
The mtDNA genome of O. lunifer is a circular molecule
15593 bp long. It includes the entire set of 37 genes usu-
ally present in animal mtDNAs [1], i.e., 13 PCGs, 22 tRNA
genes, and 2 ribosomal genes (Figure 1). The mtDNA
genome of O. lunifer contains also 7 intergenic spacers
(s1–s7), spanning at least 15 bp, described in a paragraph
below. Genes on the same strand are overlapped (e.g.
trnM vs. trnI; atp8 vs. atp6), contiguous, separated by few
nucleotides or by intergenic spacers (e.g. nad3 vs. trnA;
trnC vs. trnY). Genes on opposite strands exhibit a similar
behavior (Figure 1).

The O. lunifer mtDNA has the typical lepidopteran gene
order [8,9] that differs from the ancestral gene order of
insects [1] for the placement of trnM. In the ancestral type
(e.g. Drosophila yakuba mtDNA) the order in the  strand
is: A+T region, trnI, trnQ, trnM, nad2. In all lepidopteran
mtDNAs, sequenced to date, the order is: A+T region,
trnM, trnI, trnQ, nad2 which implies the translocation of
trnM [5-11]. This placement of trnM is a molecular feature
exclusive to lepidopteran mtDNAs. Further genome
sequencing is necessary to establish if this feature is a
mitochondrial signature of the whole order Lepidoptera.

The composition of the  strand of O. lunifer mtDNA is A
= 6252 (40.09%), T = 5886 (37.75%), G = 1179 (7.56%)
and C = 2276 (14.60%).

The A+T% and G+C% values for the  strand as well as the
A- and G-skews [12] were calculated for all available com-
plete mtDNA genomes of Pterygota and are presented in
the scatter plots of Figure 2.

The average A+T% value for the analyzed mtDNAs set is
76. 63 ± 4.84. The highest A+T% values are shared by the
mtDNAs of three bees (Apis mellifera, Bombus ignitus and
Melipona bicolor) and two bugs (Aleurodicus dugesii and
Schizaphis graminum). All lepidopteran mtDNAs but O.
lunifer exhibit high A+T% values. The A+T content of O.
lunifer mtDNA is 77.84% that represents the lowest value
for lepidopteran complete mtDNAs [5-8,10]. The lowest
A+T contents are found in the termite mtDNAs (Reticuli-
termes spp.). Extreme A+T values are also shared by species
having highly re-arranged gene order [13]. However the
possession of a re-arranged genome is not sufficient per se
to have an A+T content drastically departing from the
average (e.g. Aleurochiton aceris and Bemisia tabaci). The
A+T values appear to be linked to taxonomic relatedness
at low rank (i.e. genus, family) (e.g. species of Drosophila,
species of Bactrocera, members of family Apidae). The rela-
tion is not true at higher ranks (i.e. superfamily; order)
where patterns become inconsistent and the A+T content
can be very different among species as exemplified by
Hemiptera (A. dugesii vs.Triatoma dimidiata).

The average A-skew is 0.04214 ± 0.11350 and most of
pterygote mtDNAs are slightly to moderately A-skewed
with values ranging from 0.00287 (B. ignitus) to 0.18247
(Locusta migratoria). The lepidopteran A-skews vary from -
0.04748 (C. raphaelis) to 0.05872 (B. mori) with the O.
lunifer mtDNA exhibiting a slight A-skew (0.03015). The
Reticulitermes mtDNA genomes, having the lowest A+T%
content, exhibit a very pronounced A-skew. Most marked
T-skews are observed in the mtDNA genomes of Campan-
ulotes bidentatus and Trialeuroides vaporarium that have low
A+T% content and gene-orders different than insect ances-
tral gene order [1,14,15]. Gene order re-arrangement is
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Table 1: List of taxa analyzed in present paper

Order Family Species Acc. number Reference

Orthoptera Acrididae Locusta migratoria NC_001712 [42]
Acrididae Oxya chinensis NC_010219 Hang and Zhang, unpublished
Tettigonidae Anabrus simplex NC_009967 [43]
Tettigonidae Ruspolia dubia NC_009876 [44]
Gryllotalpidae Gryllotalpa orientalis NC_006678 [45]

Isoptera Rhinotermitidae Reticulitermes flavipes NC_009498 [13]
Rhinotermitidae Reticulitermes hageni NC_009501 [13]
Rhinotermitidae Reticulitermes virginicus NC_009500 [13]
Rhinotermitidae Reticulitermes santonensis NC_009499 [13]

Manthophasmatodea Mantophasmatidae Sclerophasma paresisense NC_007701 [46]
Mantodea Mantidae Tamolanica tamolana NC_007702 [46]
Blattaria Blattidae Periplaneta fuliginosa NC_006076 [47]
Plecoptera Pteronarcyidae Pteronarcys princeps NC_006133 [48]
Phthiraptera Boopidae Heterodoxus macropus NC_002651 [16]

Philopteridae Bothriometopus macrocnemis NC_009983 [49]
Philopteridae Campanulotes bidentatus NC_007884 [15]

Hemiptera Aleyrodidae Aleurochiton aceris NC_006160 [14]
Aleyrodidae Aleurodicus dugesii NC_005939 [14]
Aleyrodidae Bemisia tabaci NC_006279 [14]
Aleyrodidae Neomaskellia andropogonis NC_006159 [14]
Aleyrodidae Tetraleurodes acaciae NC_006292 [14]
Aleyrodidae Trialeurodes vaporariorum NC_006280 [14]
Aphididae Schizaphis graminum NC_006158 [14]
Cicadellidae Homalodisca coagulata NC_006899 Baumann and Baumann, unpublished
Psyllidae Pachypsylla venusta NC_006157 [14]
Aphrophoridae Philaenus spumarius NC_005944 [50]
Reduviidae Triatoma dimidiata NC_002609 [51]

Psocoptera Lepidopsocidae Lepidopsocid sp. RS-2001 NC_004816 [52]
Thysanoptera Thripidae Thrips imaginis NC_004371 [53]
Coleoptera Cerambycidae Anoplophora glabripennis NC_008221 An et al., unpublished

Chrysomelidae Crioceris duodecimpunctata NC_003372 [54]
Elateridae Pyrophorus divergens NC_009964 [55]
Lampyridae Pyrocoelia rufa NC_003970 [56]
Tenebrionidae Tribolium castaneum NC_003081 [57]

Lepidoptera
Tortricoidea Tortricidae Adoxophyes honmai NC_008141 [7]

Bombycoidea Saturniidae Antheraea pernyi NC_004622 Liu et al., unpublished
Bombycoidea Bombycidae Bombyx mandarina NC_003395 [5]
Bombycoidea Bombycidae Bombyx mori NC_002355 Lee et al., unpublished
Bombycoidea Saturniidae Saturnia boisduvalii NC_010613 [9]

Geometroidea Geometridae Phthonandria atrilineata NC_010522 Yang et al., unpublished
Papilionoidea Pieridae Artogeia melete NC_010568 Hong et al., unpublished
Papilionoidea Lycaenidae Coreana raphaelis NC_007976 [6]
Sphingoidea Sphingidae Manduca sexta EU286785 [8]

Noctuoidea Notodontidae Ochrogaster lunifer AM946601 This paper
Pyraloidea Crambidae Ostrinia furnacalis NC_003368 [10]
Pyraloidea Crambidae Ostrinia nubilalis NC_003367 [10]

Diptera Ceratopogonidae Culicoides arakawae NC_009809 Matsumoto, unpublished
Culicidae Aedes albopictus NC_006817 Ho et al., unpublished
Culicidae Aedes aegypti NC_010241 Lobo et al., unpublished
Culicidae Anopheles gambiae NC_002084 [58]
Culicidae Anopheles quadrimaculatus A NC_000875 [59]
Calliphoridae Cochliomyia hominivorax NC_002660 [60]
Calliphoridae Lucilia sericata NC_009733 Cibrario et al., unpublished
Calliphoridae Chrysomya putoria NC_002697 [61]
Drosophilidae Drosophila melanogaster NC_001709 [62]
Drosophilidae Drosophila mauritiana NC_005779 [63]
Drosophilidae Drosophila sechellia NC_005780 [63]
Drosophilidae Drosophila simulans NC_005781 [63]
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not necessarily linked to strong A/T-skew as proved by the
highly rearranged, but low skew, genome of Heterodoxus
macropus [16].

The average G+C% content is 23.37 ± 4.84. The G+C%
pattern among various species is obviously opposite to
the A+T% thus it does not require further comments.
More composite is the G/C-skew distribution. The average
G-skew is -0.16006 ± 0.138235. Most of pterygota mtD-
NAs are C-skewed with G-skew values ranging from -
0.32827 (Vanhornia eucnemidarum) to -0.01250 (Hetero-
doxus macropus). The main exception is represented by the
mtDNA of bugs, while the highest G-skewed genome is
that of C. bidentatus. Most of lepidopteran mtDNAs share
very similar G-skew values that are included within the
bulk of mtDNAs. The notable exception is represented by
the newly determined mtDNA of O. lunifer that exhibits
the second most pronounced C-skew (G-skew = -
0.31751) among analyzed genomes.

G-skew can be markedly different even in species belong-
ing to the same genus and having a very similar G+C con-
tent as well exemplified by Reticulitermes santonensis and
Reticulitermes virginicus mtDNAs. The same reasoning
applies at high taxonomic rank to the Hemiptera. The
mtDNA of C. bidentatus exhibits very high A-skew and G-
skew. However, this feature is not a general rule and
extreme A-skew and G-skew are not necessarily recipro-
cally linked, as proved by species of genus Reticulitermes
that exhibit very strong A-skews but not G-skews.

The list of currently available mtDNAs reveals that there is
a strong bias in term of taxon sampling both at low and
high taxonomic ranks within Pterygota. A direct conse-
quence is that present knowledge of base composition
and A/G skews reflects such biases and addition of a single
taxon can change our view on these features. This point is
well exemplified by the O. lunifer mtDNA that exhibits a
A+T percentage different than other lepidopteran mtD-

NAs that share high A+T contents [8,9]. Thus a broad and
more balanced taxon sampling appears to be a mandatory
goal to investigate and identify general patterns for the
parameters considered above.

Protein-coding genes
The mtDNA of O. lunifer contains the full set of PCGs usu-
ally present in animal mtDNA. PCGs are arranged along
the genome according to the standard order of Insects [1]
(Figure 1). The putative start codons of PCGs are those
previously known for animal mtDNA i.e. ATN, GTG, TTG,
GTT [17] with the only exception represented by the CGA
start codon of cox1 gene. This non-canonical putative start
codon is found also in the butterfly A. melete and in the
moths A. honmai, B. mori, B. mandarina, M. sexta and P.
atrilineata [5-8]. In the butterfly C. raphaelis the tetranucle-
otide TTAG is the putative start codon [6] and the six
nucleotide TATTAG has been suggested as putative start
codon for the moths O. nubilalis and O. furnicalis [10]. An
unusual start codon for cox1 gene is known in various
arthropod mtDNA [e.g. [18]].

The cox1, cox2, nad5, and nad4 genes of O. lunifer mtDNA
have incomplete stop codons. The presence of incomplete
stop codons is a feature shared with all lepidopteran mtD-
NAs sequenced to date [5-10] and more in general with
many arthropod mtDNAs [1].

The atp8 and a atp6 of O. lunifer are the only PCGs having
a seven nucleotides overlap (Figure 1). This feature is
common to all lepidopteran mtDNA genomes known [5-
10] and is found in many animal mtDNAs [1].

The abundance of codon families and Relative Synony-
mous Codon Usage (RSCU) [19] in PCGs were investi-
gated for all available lepidopteran mtDNAs and the
results are summarized in Figures 3 and 4. All first codons
as well as stop codons, complete and incomplete, were

Drosophilidae Drosophila yakuba NC_001322 [64]
Oestridae Dermatobia hominis NC_006378 Azeredo-Espin et al., unpublished
Muscidae Haematobia irritans NC_007102 Lessinger et al., unpublished
Nemestrinidae Trichophthalma punctata NC_008755 [65]
Syrphidae Simosyrphus grandicornis NC_008754 [65]
Tabanidae Cydistomyia duplonotata NC_008756 [65]
Tephritidae Ceratitis capitata NC_000857 [66]
Tephritidae Bactrocera carambolae NC_009772 Ye et al., unpublished
Tephritidae Bactrocera dorsalis NC_008748 Yu et al., unpublished
Tephritidae Bactrocera oleae NC_005333 [67]
Tephritidae Bactrocera papayae NC_009770 Ye et al., unpublished
Tephritidae Bactrocera philippinensis NC_009771 Ye et al., unpublished

Hymenoptera Apidae Apis mellifera ligustica NC_001566 [68]
Apidae Bombus ignitus DQ870926 [69]
Apidae Melipona bicolor NC_004529 Silvestre and Arias, unpublished
Vanhornidae Vanhornia eucnemidarum NC_008323 [70]

Table 1: List of taxa analyzed in present paper (Continued)
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excluded from the analysis to avoid biases due to unusual
putative start codons and incomplete stop codons.

Total number of non-stop codons (CDs) used by the 12
analyzed mtDNAs is very similar ranging from 3695 of C.
raphaelis to 3732 of O. lunifer. The codon families exhibit
a very similar behavior among considered species. The
eight codon families with at least 50 CDs per thousand
CDs (Leu2, Ile, Phe, Met, Asn, Ser2, Gly, Tyr) encompass

an average 65.82% ± 1.20% of all CDs. The three families
with at least 100 CDs per thousand CDs (Leu2, Ile, Phe)
account for an average 35.36% ± 0.98% of all CDs (Figure
3). The A+T rich CDs are favored over synonymous CDs
with lower A+T content as proved by RSCU results (Figure
4). This point is well exemplified by the Leu2 family
where the TTA codon accounts for the large majority of
CDs in the family (see below). Invertebrate mitochondrial
code includes 62 amino-acid encoding codons [1].

Map of the mitochondrial genome of O. luniferFigure 1
Map of the mitochondrial genome of O. lunifer. Genes coded in the  strand (clockwise orientation) are blue or cyan 
colored. Genes coded in the  strand (anti-clockwise orientation) are red or orange colored. Alternation of colors was applied 
for clarity. Start, first position along  strand; end, last position along  strand; size, size of the sequence; inc, intergenic nucle-
otides; fcd, first codon; scd, stop codon. Incomplete stop codons are presented with parentheses. Negative inc values refer to 
overlapping nucleotides for genes located in the same or different strands. Gene names are the standard abbreviations used in 
this paper; tRNA genes are indicated by the single letter IUPAC-IUB abbreviation for their corresponding amino acid in the 
draw. s1–s7, intergenic spacers.
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Among the 12 analyzed genomes the total number of
used codons results to be directly linked to the A+T con-
tent. The C. raphaelis mtDNA, having the highest A+T%
content (see Figure 2) uses 52 codons, and never utilized
the 10 G+C rich codons listed in Figure 2. Conversely, O.

lunifer mtDNA, characterized by the lowest A+T% among
considered lepidopteran genomes, uses all 62 codons.
Differences in the number of used CDs are present
between species of the same genus (e.g. B. mandarina vs.
B. mori) even if the discrepancies appear circumscribed to

A-skew vs. A+T% and G-skew vs. G+C% in the Pteryogota mtDNAsFigure 2
A-skew vs. A+T% and G-skew vs. G+C% in the Pteryogota mtDNAs. Values were calculated on  strands for full 
lengh mtDNA genomes. The X axis provides the skews values, while the Y axis provides the A+T/G+C values. Named of spe-
cies are colored according to their taxonomic placement at Order level (see Table 1).
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Codon distribution in lepidopteran mtDNAsFigure 3
Codon distribution in lepidopteran mtDNAs. Numbers to the left refer to the total number of codon. CDspT, codons 
per thousands codons. Codon Families are provided on the x axis.
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Relative Synonymous Codon Usage (RSCU) in lepidopteran mtDNAsFigure 4
Relative Synonymous Codon Usage (RSCU) in lepidopteran mtDNAs. Codon Families are provided on the x axis. 
Red-colored codon, codon not present in the genome. Codon Families are provided on the x axis.
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G+C rich CDs with very limited use (e.g. GCG and CGC).
The Leu1 (average = 11.73 ± 3. 82%) and Leu2 (average =
88.44 ± 3.89%) codon families are very differently repre-
sented in lepidopteran PCGs while Ser1 (average = 34.95
± 3.67%) and Ser2 (average = 64.05 ± 1.09%) exhibit a
more balanced composition.

Four amino acid residues (Leu, Ile, Phe and Ser) account
for more than 44.50% (average = 45.68 ± 0.58%) of all
residues forming the 13 mitochondrial proteins. The Leu
and Ile amino acids share hydrophobic lateral chains, Phe
is also hydrophobic and Ser exhibits an aliphatic behavior
[20] thus their massive presence is striking but not surpris-
ing for membrane proteins.

Codon usage by single PCGs was investigated by calculat-
ing the two indices ENC (Effective number of codon used)
[21] and MILC (Measure Independent of Length and
Composition) [22]. Both indices, based on different
approaches [21,22] provide a measure of codon variabil-
ity of PCGs. The ENC and MILC estimate the codon vari-
ability in a way that allows comparison among sequences
having different lengths as is the case of various PCGs.

Genes exhibiting a higher diversity in codon usage have
generally a higher number of variable sites, a prerequisite
to be potential phylogenetic markers. Thus the use of ENC
and MILC scores, according to the new approach pre-
sented in this paper, is a way to study PCG sequences var-
iability on a codon perspective. The best scores of both
indices should allow to identify the more diverse PCGs in
a approach complementary to the usual method based on
evolutionary distances among orthologous sequences
(e.g. [8]). The assessment of genetic variability is an inter-
esting point. Indeed some PCGs are standard marker for
species recognition [23] or have been extensively used as
phylogenetic markers in Lepidoptera while others have
received so far limited or no attention. Understanding the
genetic diversity of each PCG is a prerequisite to deter-
mine its phylogenetic usefulness. The ENC and MILC val-
ues were calculated for all PCGs but atp8 that contains too
a few codons to get reliable ENC/MILC estimations [22].
Calculations were extended also to all 13 PCGs pooled as
well as to the pooled PCGs belonging to  and  strands
respectively. The scatter plot analysis is provided in Figure
5. As expected the greatest diversity in codon usage is
found when all codons are considered. Good codon diver-
sity is found also when all PCGs of  or  strands are con-
sidered. More interesting is the behavior of single genes.
In this latter case sequences well established as phyloge-
netic markers (i.e. cox1, cob, nad5, and cox2) are inter-
mixed with PCGs poorly or not considered by researchers
(e.g. cox3, nad4, nad1, nad2). Our results suggest that the
neglected PCGs should be considered as potential mark-
ers thus extending the number of mtDNA PCGs sampled
for population as well as phylogenetic markers. Findings,
based on codon diversity, must be integrated with direct
comparisons of sequences [8] that allow to better define
the optimal task that each gene can perform i.e. to be used
at low taxonomic level or at high taxonomic level.

Transfer and ribosomal RNA genes
Ochrogaster genome has the characteristic 22 tRNAs set
(Figure 6) present in most of animal mtDNAs [1]. All
tRNAs present the typical clover leaf secondary structure
but trnS1 lacks the DHU stem. This feature is shared with
the C. raphaelis mtDNA [6] but is not a general feature of
lepidopteran mtDNA as proved by A. honmai that has all
tRNAs with a complete clover leaf structure [7]. In general,
the lack of DHU arm in trnS1 is a common condition in
metazoan mtDNAs [24].

The trnA, trnD, trnG, trnK, trnL1, trnL2, trnQ, and trnS2 of
Ochrogaster mtDNA show mismatches in their stems. Mis-
matches are located mostly in the acceptor and anticodon
stems with a single exception represented by trnD that
exhibits the mismatch on the T C stem. Mismatches on
tRNA stems are known also for the trnA, trnL1, trnL2, and
trnQ, of C. raphaelis [6]. Mismatches observed in tRNAs

Scatter plot graphic of MILC vs. ENC calculated for PCGs of lepidopteran mtDNAsFigure 5
Scatter plot graphic of MILC vs. ENC calculated for 
PCGs of lepidopteran mtDNAs. Dots correspond to 
average values calculated for different genes. PCGs on  
strand are blue-colored, PCGs on  strand are red colored. 
All pooled PCGs are presented as a green dot plot. Genes 
nomenclature as in main text.

all CDs

nad4

alpha CDs

beta CDs

cox1

nad4L

nad3

nad6

nad5

cox2

cox3

atp6

nad2

cob

nad1

33

32

31

28

29

30

E
N
C
v
a
lu
e
s

0.20.1 0.3 0.50.4 0.60.0

MILC values

79



BMC Genomics 2008, 9:331 http://www.biomedcentral.com/1471-2164/9/331

Page 10 of 15
(page number not for citation purposes)

Secondary structures of transfer tRNAs in O. lunifer mtDNAFigure 6
Secondary structures of transfer tRNAs in O. lunifer mtDNA.
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are corrected through RNA-editing mechanisms that are
well known for arthropod mtDNA [e.g. [24]].

Preliminary analysis performed on rrnL and rrnS of O.
lunifer revealed that these genes are capable of folding into
structures (data not shown) similar to those already pro-
duced for lepidopteran mitochondrial ribosomal subu-
nits [8,25,26]. Further studies, that extend the taxon
sampling, are currently in progress in our lab to better
define rrnL and rrnS structures within the Thaumetopoei-
nae subfamily that includes also O. lunifer.

Non coding regions
The mtDNA genome of O. lunifer contains 7 intergenic
spacers (s1–s7) spanning at least 15 bp (Figures 1 and 7).
The features of s1–s7 spacers are presented below with ref-
erence to the  strand for orientation and sequence motifs
description.

The s1 spacer, located between trnQ and nad2, appears to
be the result of a duplicated segment (Figure 7). The s1
spacer is present in all 12 lepidopteran mtDNAs so far
sequenced while it is absent in other insects [8]. While the
genomic location is constant the sequence divergence is
high among species [8]. Further investigation with a
broad taxon sampling within the Lepidoptera is necessary
to assess if the s1 spacer is a constant molecular signature
of lepidopteran mtDNA.

The s2 spacer, placed between trnC and trnY, derives from
the triplication of a six nucleotides motif with minor
changes (Figure 7). An 11 bp spacer between trnC and trnY
is found also in the mtDNA of A. melete and shares the
ACAATT motif with the s2 spacer of O. lunifer. Because no
other known lepidopteran mtDNA exhibits such a spacer
its presence in A. melete and O. lunifer has to be inter-
preted as the result of independent events.

Spacer s3, located between nad3 and trnA, exhibits a par-
tial duplicated segment and a poly-T motif within the first
30 nt. The second half of s3 spacer is characterized by two
microsatellite repeats (CA)10(TA)12. Spacers having the
same genomic location, and containing TA microsatellites
are found also in B. mori and B. mandarina mtDNA
genomes.

Spacer s4, inserted between trnE and trnF, contains a 5'
microsatellite (TA)23, while the 3' half seems to be the
triplication of a 10 nucleotides motif with some changes
(Figure 7). A spacer characterized by a different motif
(TATTA)31, but having the same genomic placement, is
found in the A. honmai mtDNA genome.

The spacer s5, located between trnS2 and nad1, contains
the ATACTAA motif which is conserved across the Lepi-

doptera order [8]. This motif is possibly fundamental to
site recognition by the transcription termination peptide
(mtTERM protein) [2]. Spacer s5 is present in most insect
mtDNAs even if the nucleotide sequence can be quite
divergent [8].

The s6 spacer is located between trnS2 and -rrnL and
exhibits a di-nucleotide microsatellite (TA)19 directly in
contact with the 3' end of rrnL gene. To date spacer s6 is
known only for the mtDNA of O. lunifer.

The s7 spacer coincides with the A+T region. Several fea-
tures common to the Lepidoptera A+T region [8] are
present in the s7 spacer. The OR  (origin of the  strand
replication) is located 21 bp downstream from rrnS gene
in B. mori [27]. It contains the motif ATAGA followed by
an 18 bp poly-T stretch. A very similar pattern occurs in O.
lunifer where the ATAGA motif is located 17 bp down-
stream from rnnS gene and is followed by a 20 bp poly-T
stretch (Figure 7). A microsatellite-like (AT)7(TA)3 ele-
ment preceded by the ATTTA motif is present in the 3'
third of O. lunifer s7 spacer. The presence of a microsatel-
lite preceded by the ATTA motif is also a feature found in
the A+T regions of other Lepidoptera [8]. Finally a 10 bp
poly-A is present immediately upstream trnM. This poly-T
(in the  strand) element is still a common feature of the
A+T region in Lepidoptera [8,28]. No large repeated seg-
ments were detected in the A+T region of O. lunifer. This
arrangement is consistent with other lepidopteran A+T
regions while markedly contrasts with patterns observed
in other insect orders [8,29].

Intergenic spacers containing repeated elements are scat-
tered all over the lepidopteran mtDNAs while repeated
elements are restricted mostly to the A+T region in other
insects [8]. Most parts of spacers of O. lunifer are made by
repeated motifs. Predominance of repeated elements sug-
gest that mtDNA expansion can be achieved through a
miss-pairing duplication mechanism, i.e. DNA slippage,
during genome replication. Several intergenic spacers are
restricted to a single butterfly/moth species and have not
counterparts even within Lepidoptera. Thus it is plausible
to suggest that spacers production occurs independently
and recursively within Lepidoptera. It remains unknown
while this feature is so prominent in moths and butterflies
and apparently limited, reduced or absent in other insect
mtDNAs sequenced to date. This behavior requires further
investigation provided that mtDNA intergenic spacers are
found in non-insect Arthropoda as well as other animal
phyla [e.g. [18,30]].

Conclusion
The mitochondrial genome of O. lunifer is the first
sequenced mtDNA for a representative of the Noctuoidea
a superfamily that includes about 40% of all described
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lepidopteran species. The newly determined genome
shares the gene order, the presence of intergenic spacers,
and other features with previously known lepidopteran

genomes. The placement of trnM immediately after the
A+T region results to be an exclusive molecular signature
of all lepidopteran mtDNAs sequenced to date. Further

Genomic spacers in the mtDNA of O. luniferFigure 7
Genomic spacers in the mtDNA of O. lunifer. The sequences of spacers are those present in the  strand.
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genome sequencing will establish if this feature character-
izes the whole order Lepidoptera. The mtDNA of O. lunifer
exhibits a peculiar low A+T content and marked C-skew.
Compared to other lepidopteran genomes it is less biased
in synonymous codon usage. Comparative analysis on
codon usage among lepidopteran mitochondrial
genomes identified atp6, cox1, cox2, cox3, cob, nad1, nad2,
nad4, and nad5 as potential markers for phylogenetic and
population genetic studies. Most of the genes listed above
have been previously neglected for the tasks suggested
here. The massive presence of repetitive elements in inter-
genic spacers of O. lunifer genome lead us to suggest an
important role of DNA slippage as possible mechanism to
produce spacers during replication.

Methods
Sample origin and DNA extraction
An ethanol-preserved larva specimen of Ochrogaster lunifer
collected in Australia (Suburb of Kenmore, Queensland,
25th February 2005) by Myron P. Zalucki (University of
Queensland) was used as starting material for this study.
Total DNA was extracted by applying a salting-out proto-
col [31]. Quality of DNA was assessed through electro-
phoresis in a 1% agarose gel and staining with ethidium
bromide.

PCR amplification and sequencing of Ochogaster lunifer 
mtDNA
PCR amplification was performed using a mix of insect
universal primers [32,33] and primers specifically
designed on the O. lunifer sequences. For a full list of suc-
cessful primers as well as PCR conditions see Additional
file 1. The PCR products were visualized in electrophoresis
in a 1% agarose gel and staining with ethidium bromide.
Each PCR product represented by a single electrophoretic
band was purified with the ExoSAP-IT kit (Amersham Bio-
sciences) and directly sequenced. Sequencing of both
strands was performed at the BMR Genomics service
(Padova, Italy) on automated DNA sequencers mostly
employing the primers used for PCR amplification.

Sequence assembly and annotation
The mtDNA final consensus sequence was assembled
using the SeqMan II program from the Lasergene software
package (DNAStar, Madison, WI). Genes and strands
nomenclature used in this paper follows Negrisolo et al.
[18].

Sequence analysis was performed as follows. Initially the
mtDNA sequence was translated into putative proteins
using the Transeq program available at the EBI web site.
The true identity of these polypeptides was established
using the BLAST program [34,35] available at the NCBI
web site. Gene boundaries were determined as follows.
The 5' ends of PEGs were inferred to be at the first legiti-

mate in-frame start codon (ATN, GTG, TTG, GTT; [17]) in
the open reading frame (ORF) that was not located within
the upstream gene encoded on the same strand. The only
exception was atp6, which has been previously demon-
strated to overlap with its upstream gene atp8 in many
mtDNAs [17]. The PCG terminus was inferred to be at the
first in-frame stop codon encountered. When the stop
codon was located within the sequence of a downstream
gene encoded on the same strand, a truncated stop codon
(T or TA) adjacent to the beginning of the downstream
gene was designated as the termination codon. This
codon was thought to be completed by polyadenylation
to a complete TAA stop codon after transcript processing.
Finally pair-wise comparisons with orthologous proteins
were performed with ClustalW program [36] to better
define the limits of PCGs.

Irrespectively of the real initiation codon, a formyl-Met
was assumed to be the starting amino acid for all the pro-
teins as previously proved for other mitochondrial
genomes [37,38].

The transfer RNA genes were identified using the tRNAs-
can-SE program [39] or recognized manually as sequences
having the appropriate anticodon and capable of folding
into the typical cloverleaf secondary structure [17].

The boundaries of the ribosomal rrnL gene were assumed
to be delimited by the ends of the trnV-s6 pair. The 3' end
of rrnS gene was assumed to be delimited by the start of
trnV while the 5'end was determined through comparison
with orthologous genes of other Lepidoptera so far
sequenced.

Genomic analysis
Nucleotide composition was calculated with the EditSeq
program included in the Lasergene software package. The
GC-skew = (G-C)/(G+C) and AT-skew = (A-T)/(A+T) were
used [12] to measure the base compositional difference
between the different strands or between genes coded on
the alternative strands. The Relative Synonymous Codon
Usage (RSCU) values were calculated with MEGA 4 pro-
gram [40].

The codon usage by analyzed genomes was investigated
by calculating the two indices ENC (Effective Number of
Codon used) [21] and MILC (Measure Independent of
Length and Composition [22]. ENC and MILC values
were calculated with the INCA 2.1 program [41].

Abbreviations
mtDNA: mitochondrial DNA; atp6 and atp8: ATP synthase
subunits 6 and 8; cob: apocytochrome b; cox1-3: cyto-
chrome c oxidase subunits 1–3; nad1-6 and nad4L: NADH
dehydrogenase subunits 1–6 and 4L; rrnS and rrnL: small
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and large subunit ribosomal RNA (rRNA) genes; trnX:
transfer RNA (tRNA) genes, where X is the one-letter
abbreviation of the corresponding amino acid; s1–s7:
mitochondrial genomic spacers; A+T region: the putative
control region; PCG: protein coding gene; RSCU: Relative
Synonymous Codon Usage; ENC, MILC: Measure Inde-
pendent of Length and Composition; aa: amino acids; nt:
nucleotides; bp: base pairs.
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Introduction 
 

The actual mechanisms underlying speciation still stir discussion (Schluter 2001, 

Barton 2001, Coyne & Orr 2004). Gene flow and differential selection among populations 

play opposite roles in many of the models proposed. While in allopatric speciation 

geographic barriers prevent any gene flow allowing populations to diverge, in parapatric 

and sympatric speciation, local adaptation and disruptive selection can drive population 

differentiation in spite of the presence of gene flow (Coyne 2007). Sympatric speciation has 

been studied in particular in phytophagous insects. In fact the high species diversity of 

these organisms may be explained, in part, by their specialization on certain host plant 

species that can lead phytophagous insects to undergo differential selection and then 

sympatric speciation through host associated differentiation or HAD (Jaenike 1981, Diehl 

& Bush 1984, Berlocher & Feder 2002, Dres & Mallet 2002, Funk et al. 2002). Most 

phytophagous insects are strictly associated to one or few host plant species often 

phylogenetically related. 

Several plant-insect systems have been studied in which genetic differentiation and 

ecological speciation have been found to occur in sympatry in relation to the host plant, 

both in agricultural (Bush 1969, Via 1999, Bethenod et al. 2004, Malausa et al. 2005) and 

unmanaged environments (Carroll et al. 1997, Stireman 2005). However, the required 

conditions for HAD to be found are still not well understood. Strong host preference, 

internal feeding mode (i.e., endophagy), short insect life cycles, univoltinism, reduced 

dispersal ability of adults and host fidelity (Berlocher & Feder 2002, Malausa et al. 2005, 

Price et al. 1980, Mopper & Strauss 1998, Abrahamson et al. 2001, Funk et al. 2002) are 

all factors that are thought to lead to ecological and/or allochronic separation and to 

consequent reproductive isolation among populations associated with different host plant 

species. As predicted by ecological models (Mopper & Strauss 1998, Futuyma & Moreno 

1988, Jaenike 1990) and as suggested by some studies (Vialatte et al. 2005, Frantz et al. 

2006) specialization of phytophagous insects to different host plant species could be 

favored especially on plants with long vegetative cycles such as perennials as these plants 

provide a more stable and predictable environment. In more variable environments like, for 

example, in agricultural systems, HAD is often associated with parthenogenesis (Miller et 
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al. 2005, Lozier et al. 2007, Charaabi et al. 2008, Carletto et al. 2009, Peccoud 2009), a 

process that allow to rapidly amplify adaptive responses to selection in ephemeral 

environments (Lynch 1984). Parthenogenesis can strongly affect the genetic structure of 

populations; more or less specific predictions about parthenogenesis effects are provided by 

several mutational and ecological models (Normark & Moran 2000, Normark et al. 2003, 

Simon et al. 2003). However parthenogenesis, if strictly clonal, may promote adaptive gene 

complexes, thus facilitating ecological specialization (Sunnucks et al. 1997). 

Diversification of phytophagous insects on their host plants can produce a 

‘sequential radiation’ on taxa that use these herbivores as a resource (Abrahamson W.G. & 

Blair C.P. 2007) like predators and parasitoids. Like phytophagous insects, insect 

parasitoids are another group of parasites that show an intimate association with their hosts. 

However, unlike phytophagous insects, very few studies have been done to date on HAD at 

this trophic level. HAD cascading up trophic levels have been found in parasitoids of 

Eurosta solidaginis and of Gnorimoschema gallaesolidaginis associated with Solidago 

altissima and Solidago gigantea (Cronin & Abrahamson 2001, Stireman et al. 2006). 

Similarly, HAD have been found to cascade up in Diachasma alloeum attacking Rhagoletis 

pomonella on hawthornes, blueberries and apples (Forbes et al. 2009). Host-plants are an 

important component of parasitoids ecology. For instance, physical and chemical traits of 

host-plants influence host searching and oviposition behavior in several parasitoid species 

(Vinson 1998, Fatouros et al. 2008). In addition, differences in herbivore hosts’ nutritional 

quality when feeding on different host-plant species might produce phenotypic differences 

in parasitoid traits related to fitness such as adult mass, adult longevity, fecundity, and 

developmental time (Medina & Barbosa 2008). In this way host plants may indirectly affect 

the survival and fitness of parasitoids through their influence on these traits (Price et al. 

1980, Vinson 1999). In parasitoids HAD could thus also occur without requiring the 

differentiation of the herbivore host. 

In this paper, we explore HAD in a system involving two egg parasitoid species 

feeding on the same herbivore species on two different host plant species.  The herbivore is 

the pine processionary moth, Thaumetopoea pityocampa Denis & Schiffermüller 

(Lepidoptera: Notodontidae), one of the main pests of pine forests in southern Europe and 

in the Mediterranean region (Masutti & Battisti 1990). This herbivore has recently shown 
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an expansion of its range as a consequence of climate change (Battisti et al. 2005). The egg 

parasitoids are Baryscapus servadeii Domenichini (Hymenoptera: Eulophidae), a specialist 

of T. pityocampa and of few other sibling species feeding on conifers (Graham 1991), and 

Ooencyrtus pityocampae Mercet (Hymenoptera: Encyrtidae), associated with conifer-

feeding Thaumetopoea but also able to develop in eggs of other Lepidoptera and Hemiptera 

occurring in pine forests (Battisti et al. 1988). Both parasitoid species reproduce by 

thelytokous parthenogenesis and males are very rarely observed (Graham 1991, Battisti et 

al. 1990). Nothing is known about the frequency of sexual reproduction in any of these two 

parasitoid species. The two host plants of T. pityocampa are Pinus nigra Arnold and Pinus 

sylvestris L., co-occurring in both native and introduced stands all over the range of the 

pine processionary moth in southern Europe (Richardson 1998). There is no evidence that 

moth populations associated with either one of these two hosts differ in ecology or genetics 

(Stastny et al. October 2006, Kerdelhue et al. 2006). By sampling populations where the 

two host-plants co-occur, we want to address the following question: 1. Is there evidence of 

HAD in each of the two parthenogenetic egg parasitoid species? 2. in which way host-range  

influences HAD in parasitoid species?  

 

 

Materials and Methods 
 

Sample collection 

Egg batches of T. pityocampa were collected from both P. nigra and P. sylvestris at 

6 localities in North-Eastern Italy (Table 1, Fig. 1) during August-November 2008. Egg 

batches were then stored in vials under outdoor conditions and taken indoor in February to 

get parasitoid emergence. Adult parasitoids were identified, counted and stored in 70% 

ethanol until DNA extraction.  

 

DNA extraction and fingerprint analysis 

Genomic DNA was extracted from 62 individuals of B. servadeii and 118 

individuals of O. pityocampae (Table 2) using Qiagen ® DNeasy kit (Valencia, CA) 

following the manufacturer recommended protocol for animal tissue (Qiagen 2002). DNA 
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was eluted in 100 µl of AE buffer and its concentration and quality were then assessed 

using a NanoDrop-1000 spectrophotometer (NanoDrop, Wilmington, DE). 

AFLP protocol (Vos et al. 1995) was followed with some modifications concerning 

the use of fluorescent dye labeled selective primers. Each of the parasitoid species was 

processed independently. Samples for each of the species were processed in a randomized 

order. Restriction/ligation reactions were carried out with EcoRI/MseI endonucleases and 

their respective adaptors. Five primers combinations were used in the selective 

amplification: EcoRI-ACT/MseI-CAT, EcoRI-AG/MseI-CAT, EcoRI-AG/MseI-CAC, 

EcoRI-AC/MseI-CAA, EcoRI-AG/MseI-CAA. These primers were used for each 

individual of both parasitoids species; for unknown reasons EcoRI-AC/MseI-CAA 

combination didn’t yield any AFLP markers from B. servadeii and so was only used in O. 

pityocampae. Fragment separation and detection were carried out using a 3130xl ABI DNA 

sequencer. Presence or absence of each band was scored using GeneMapper v4.0. 

Reproducibility of AFLP patterns was assessed by a positive control repeated twice for 

each plate, whereas reliability of results was confirmed by checking bands by eye. AFLP 

profiles were converted in a 0-1 matrix and all monophorphic loci removed from each 

dataset. 

 

Assays for intracellular symbionts 

To test for presence of intracellular symbionts a PCR was performed in all samples 

of both species using specific primers for Wolbachia (99F and 994R from O’Neill et al. 

1992)), Cardinium (Ch-F and Ch-R from Zchori-Fein & Perlman (2004)) and Rickettsia 

(rct1f 5’-CCGCGTCAGATTAGGTAGTT-3’ and rct1r 5’-

TCAGTTGTAGCCCAGATGAC-3’). Positive samples for Wolbachia were then re-

checked by PCR using specific primers for Wolbachia A and B strains (wsp81F and 

wsp691R from (Zhou et al. 1998)). Positive results of all bacteria species were confirmed 

by sequencing of few samples for each type. Sequences were identified by a BLAST search 

in the GenBank database (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 
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Data analysis 

The mean number of emerged parasitoids per egg batch was compared between 

parasitoids from P. nigra and P. sylvestris and among collection sites using  multifactorial 

ANOVA. The populations of Tregnago and Calbarina were excluded from the analysis for 

a dissimilar sampling period in the former site and lack of one host plant (P. sylvestris) in 

the latter site. 

To confirm that both samples and AFLP loci were enough to statistically support 

our results, SESim (Medina et al. 2006) was used for each dataset of the two parasitoid 

species. In addition, as size homoplasy of AFLP bands could lead to underestimates of 

genetic diversity and genetic divergence, correlation between marker size and frequencies 

of AFLP fragments was also tested using the software AFLPsurv (Vekemans et al. 2002). 

The number of genetic clusters (K) present in each of our two datasets (i.e., the two 

parasitoid species studied) was obtained using Structure 2.3.2. (Falush et al. 2007). 

Structure performs the Bayesian assignment analysis of Pritchard et al. 2000 to assign 

individuals to genetically similar clusters. We used an admixture model and no prior 

information about populations. All running conditions were set as suggested by (Evanno et 

al. 2005): we ran 20 replicates of each simulation with a range of K between 1 and 10, and 

for each K value a burn-in of 10000 and 10000 post burn-in Markov chain Monte Carlo 

(MCMC) iterations. The number of K in each dataset was then chosen by the method 

described in Evanno et al. 2005. The Structure output was visualized using the Distruct 

software (www-hto.usc.edu/_noahr/distruct.html). Association of the different clusters 

obtained by Structure with host plant species was tested with a Fisher exact test. 

To evaluate differences in genetic variability between the specialist and the 

generalist parasitoids, estimates of genetic diversity (i.e., band richness, percent of 

polymorphic loci), inbreeding coefficients, multilocus linkage disequilibrium and clonal 

diversity for each main cluster identified by Structure were obtained. Band richness (Br) 

was calculated using the AFLPDIV program (Coart et al. 2005). Band richness refers to the 

number of phenotypes expected at each locus when correcting for different sample size 

(scored AFLP fragment); it can be considered as an analogue of allelic richness (Coart et al. 

2005). Inbreeding coefficient (Fis) was calculated using ABC program (Foll et al. 2008) a 
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software that, through a Bayesian approach, takes into account the dominant nature of 

AFLP markers. This software calculates the probability of sampling an individual inbred 

for a particular locus, and the resulting Fis can therefore range from 0 to 1. Measure of 

linkage disequilibrium over all loci (i.e., multilocus linkage disequilibium) was obtained by 

the standardised index of association (rd) (Agapow & Burt 2001). To measure the clonal 

diversity of each cluster and sub-cluster, we used the evenness of Simpson’s index 

(Grapputo et al. 2005). Further, we performed a comparison of the distributions of pairwise 

genetic similarities (Jaccard’s index) among AFLP profiles inside the main clusters of 

Structure using the non parametric test of Kolmogorov-Smirnov. In order to compare the 

partition of genetic variability among sampled populations and the partition among 

Structure clusters, we performed an analysis of molecular variance (AMOVA, Excoffier et 

al. 1992) for dominant data using GenAlEx 6.0. 

  

 

Results 
 

Parasitoid distribution on T. pityocampa egg batches on different host plant species. 

The mean number of emerging B. servadeii adults from T. pityocampa egg batches on P. 

nigra and P. sylvestris was significantly different (F1,86 = 9.53, P = 0.003). Significant 

difference in the number of emerging B. servadeii adults were also observed among 

localities (F2,86 = 42.75, P = 0.000). Differences in adult O. pityocampae emergence from T. 

pityocampa egg batches was significantly different only among localities (F2,86 = 5.97, P = 

0.004). For both parasitoid species the interaction between localities and host plants was 

not significant.  

 

Assays for intracellular symbionts 

All B. servadeii samples were infected with a Rickettsia strain confirmed by 

sequencing. The strain we found show a 98% similarity to the strain infecting  

Neochrysocharis formosa (Hymenoptera: Eulophidae) (Hagimori et al. 2006). All O. 

pityocampae samples were infected with Wolbachia. Sequences of a subset of samples 

showed that Wolbachia in O. pityocampae belongs to the B strain. 

94



 

Genetic data analysis 

Five primer combinations used in AFLP analysis produced a total of 52 

polymorphic bands in B. servadei and 118 polymorphic bands in O. pityocampae. SESim 

simulations confirmed that the number of both samples and bands was enough to have a 

statistical support (SESim <0.03) for all the following analyses. In addition, AFLPsurv 

found no correlation between fragment size and fragment frequency, thus excluding 

homoplasy for the AFLP fragment sizes considered (50-500 bp) in this study. The analyses 

carried out with Structure on B. servadeii and O. pityocampae datasets revealed the 

presence of two main genotypes groups or clusters (K=2) in both species (Fig. 3a,b). 

Diversity indices for these two clusters obtained with Structure for both parasitoid species 

are summarized in Table 3. In B. servadeii, the two main clusters present a slight difference 

in their genetic variability, with cluster A showing a higher band richness than cluster B. 

Moreover estimates of inbreeding coefficient (Fis) for the two clusters show a non 

overlapping 95% highest posterior densitity interval and thus a significant difference 

between the two values, with a higher level of heterozygosity in cluster B compared to 

cluster A. Multilocus linkage disequilibrium is found with values significantly different 

from zero in both clusters, with a higher value in cluster B. The latter cluster (B) is also the 

one with lower clonal diversity (0.90 compared with 1 for cluster A). In contrast, in O. 

pityocampae, band richness seems to be quite similar between the two main clusters. 

Moreover no significant differences from a value expected at Hardy-Weinberg equilibrium 

(Fis = 0.5) were found for the inbreeding coefficient values although cluster A presents a 

slightly higher level of heterozigosity than clusters B. Both clusters A and B show values of 

multilocus linkage disequilibrium significantly different from zero with a low clonal 

diversity (0.846 and 0.940 respectively).  

In both B. servadeii and O, pityocampae, the comparison between the distributions 

of pairwise genetic similarities inside each of the main clusters confirmed a significant 

difference between the variability of the two clusters (p<0.0001, Kolmogorov Smirnov test) 

(Fig. 4). In B. servadeii the re-run of Structure performed for each of the main clusters (i.e., 

A and B) showed a further grouping of samples: two sub-clusters for cluster A (A1 and 

A2)(Fig. 5a), and three sub-clusters for cluster B (B1, B2, B3) (Fig. 5b). A significant 
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association with different host plant species was found for cluster B, where sub-cluster B2 

was found with a higher frequency in P. nigra populations (Fisher exact test, p<0.05). In O. 

pityocampae the re-run of each of the main clusters (A and B) produced three sub-clusters 

(K=3) for the cluster A (A1, A2, A3) (Fig. 6a) and three sub-clusters (K=3) for cluster B 

(B1, B2, B3) (Fig. 6b). No significant association with host plant species was found in any 

of the clusters or sub-clusters. It seems there is instead a geographic pattern comprising a 

north-east and an eastern region: inside cluster A (Fig. 6a), sub-cluster A1 is present in 

southern (Tregnago and Calbarina) and north-western (Venosta) populations, whereas A2 

and A3 are mainly found in eastern populations (Longarone and Carnia) and in Rovereto. 

In the B cluster (Fig. 6b), sub-cluster B1 is mostly associated to northern 

populations (Venosta, Rovereto, Longarone and Carnia), whereas B2 and B3 are mostly 

present in the southern populations of Tregnago and Calbarina. 

AMOVA on B. servadeii revealed that, when considering individuals grouped per 

site of collection and/or per host plant, almost all genetic variation is within populations 

(from 97% to 99% for the different groupings, Table 4). A significant component of 

variance is also explained when individuals are grouped according to Structure sub-clusters 

(39%); when sub-clusters are grouped into the two main clusters A and B this component 

increases (distributed between clusters, 25%, and among sub-clusters, 19%, Table 4). In O. 

pityocampae, AMOVA (Tab. 4) revealed a significant percentage of variation explained by 

groupings individuals only per site of collection (16%) while grouping individuals per host 

plant has no influence on variance components. Variation among groups remarkably 

increases when considering only sub-clusters (41%) and both clusters and sub-clusters 

(distributed between clusters, 25%, and among sub-clusters, 22%, Table 4). 

 

 

Discussion 
 

In this study we analyzed two egg parasitoids B. servadei and O. pityocampae 

feeding on the same host, T. pityocampa, a phytophagous insect which does not show 

genetic differentiation when in association with different host plant species.  We focused 

only on parasitoids emerged from egg batches found on two pine species, P. nigra and P. 
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sylvestris, to test whether there is host plant associated differentiation in parasitoids in a 

system whereas a corresponding differentiation is absent in their insect host. As both 

species of parasitoids studied reproduce by thelytokous parthenogenesis we first 

investigated the presence of endosymbionts in our samples. We found that all B. servadeii 

samples are infected by Rickettsia while all O. pityocampae samples are associated with a 

B strain of Wolbachia. Although more studies (e.g. antibiotic treatments) would be needed 

to determine the association between the presence of these endosymbionts and 

parthenogenesis, we could hypothesize that parthenogenesis in both species is due to the 

presence of endosymbionts.  

Analyzing the genetic structure of parasitoids we found a subdivision of individuals 

in two main clusters in both species. In B. servadeii these two main clusters show a 

significant difference in their values of heterozygosity. The high level of heterozigosity 

(Fis<0.5) associated with low clonal diversity and the significant linkage disequilibrium 

found in cluster B, is in agreement with values expected in strictly apomictic populations 

(Vialatte et al. 2005, Simon et al. 1999, Delmotte et al. 2002, Vorburger et al. 2003). 

Interestingly, apomixes is the mechanism hypothesized (Adachi-Hagimori 2008) for the 

Rickettsia induced parthenogenesis in another Eulophidae, Neochrysocharis formosa, to 

date the only other Hymenoptera known to be infected by Rickettsia (Hagimori et al. 2006). 

In O. pityocampae the estimated level of heterozigosity in both the main clusters A and B 

does not show to be significantly different from Hardy-Weinberg equilibrium (Fis=0.5). In 

Hymenoptera with Wolbachia induced parthenogenesis complete homozygosis should be 

expected, due to automictic parthenogenesis with gamete duplication (Stouthamer and 

Kazmer, 1994). However, this mechanism has been demonstrated only in few 

hymenopteran species (van Wilgenburg et al. 2006), and other mechanisms may occur in 

which heterozygosity is preserved to some degree (Stouthamer 1997, Weeks et al. 2002). 

In both B. servadei and O. pityocampae the distribution pattern of pairwise genetic 

similarities is significantly different between the two main clusters A and B (Fig. 4). This 

result is similar in other parthenogenetic species such as aphids (Sunnucks et al. 1997, 

Delmotte et al. 2002, Simon et al. 1999, Papura et al. 2003, Vorburger et al. 2003) in 

which lineages undergoing cyclical parthenogenesis (i.e., several parthenogenetic 

generations alternating with one sexual generation) show a significantly higher genetic 

97



diversity than sympatric lineages with obligate parthenogenesis. We might thus infer that 

the B cluster in B. servadeii and the A cluster in O. pityocampae could include strictly 

parthenogenetic individuals while the A cluster in B. servadeii and  the B cluster in O. 

pityocampae could be composed by individuals that can sexually reproduce. Presence of 

endosymbionts inducing parthenogenesis in all samples analyzed could seem in contrast 

with the existence of sexual lineages.Nevertheless, for Wolbachia it is known that 

endosymbiont density, that is an important factor in parthenogenesis induction (Stouthamer 

1997), can be regulated by host genotype with significant differences among host strains 

also at the intra-specific level (Clark et al. 2003, Kondo et al. 2005, Mouton et al. 2007).  

Inside each of the main clusters of both parasitoid species there is a further structure 

with clear differences between the two species. B. servadeii samples are grouped in five 

sub-clusters (two inside cluster A and three inside cluster B) showing no geographical 

distribution (AMOVA, Tab. 4). One of the sub-clusters identified in cluster B (B2) seems 

to be associated with one of the host plant, P. nigra. This result is also partially confirmed 

by the analysis of the attack frequency of egg-batches by B. servadeii on the two host 

plants: in the three populations in which the comparison was possible, B. servadeii showed 

a significant preference for P. nigra (Fig. 2).  

Factors that could be involved in host plant choice by parasitoids are many. P. nigra 

and P. sylvestris present different chemical compositions and morphological differences 

that could influence their possibility to be found by parasitoid species searching for hosts 

(Vinson, 1998). Plants can also signal to parasitoids the presence of phytophagous insects 

in the early stages of the attack: it has been shown that P. sylvestris can emit volatiles to 

attract the eulophid egg parasitoid Chrysonotomyia ruforum after induction by egg 

deposition of the pine sawfly Diprion pini (Hilker et al. 2002). Interestingly B. servadeii is 

known to search its host through long-range orientation with visual and chemical cues 

(Battisti 1989) and for this reason an association of B. servadeii with the host plant has 

already been hypothesized (Battisti 1989). On the other hand O. pityocampae can detect 

egg batches by sex pheromones traces (Battisti, 1989) and so no influence by the host plant 

should be expected. The six sub-clusters identified in O. pityocampae do not actually show 

any association with the host-plant. They present instead a clear geographic pattern for each 

of the main clusters (Fig 6a,b). This pattern may be related to the west-east gradient in T. 
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pityocampa egg size that is thought to be due to an adaptation to needle toughness of the 

main host P. nigra (Zovi et al. 2008). 

The different genetic structure in these two species living in the same environment 

could be related to the two different strategies that these parasitoids follow to find their 

host. The insect host, T. pityocampa, undergoes regular variation of its population densities 

(Hodar et al. 2004) and its presence in a locality is ensured by prolonged diapause of its 

pupae. To cope with the scarcity of its main host insect the generalist O. pityocampae can 

‘wait’ for its prefer host population densities to increase while ovipositing on alternative 

host (Battisti 1989); on the other hand, the specialist B. servadeii, which has no alternative 

hosts, has to actively search T. pityocampa egg batches at several localities, being in this 

way more prone to local extinction and recolonization. The association with the host plant 

of one of B.servadeii lineages could be thus the result of one of the diverse strategies 

adopted by the parasitoid to better find its host in a long range research. 
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Site 

 

Coordinates Elevation (m) 

   

1) Venosta 10°46’ E 46°38’ N 1050 

2) Rovereto 11° 03’ E 45°53’N 550 

3) Tregnago 11° 09’ E 45°30’N 510 

4) Calbarina 11° 43’ E 45°16’N 200 

5) Longarone 12° 19’ E 46°16’N 475 

6) Carnia 13° 08’ E 46°22’N 320 

 

Table 1. Sampling sites. 

 

 

 Pinus nigra Pinus sylvestris 

Site N 

egg-batches 

B.s. O.p. N 

egg-batches 

B.s. O.p. 

Venosta 48 13 12 19 13 10 

Rovereto 31 0 12 25 0 12 

Tregnago 35 0 13 20 7 13 

Calbarina 30 0 11 - - - 

Longarone 17 11 5 20 8 8 

Carnia 57 10  14 27 0 8 

 

Table 2. Egg batches from which parasitoids had emerged and number of parasitoids 

used in the genetic analysis for each host plant species. B.s.: Baryscapus servadeii; 

O.p.: Ooencyrtus pityocampae. 

100



 

 
N Br 

 
PPL 1% Fis [95% HPDI] rd E(k) 

Baryscapus servadeii        
         
  Cluster A  27 1.961 

 
0.961 0.772 [0.405-1] 0.010** 1 

  Cluster B  35 1.717 0.745 0.088 [0-0.265] 0.039** 0.90 
          
Ooencyrtus pityocampae        

         
  Cluster A  55 1.852 

 
0.875 0.224 [0-0.581] 0.042** 0.846 

  Cluster B  63 1.875 0.875 0.627 [0.155-1] 0.033** 0.940 
          

       
 

Table 3. Diversity statistics within main clusters found in Structure: band richness (Br), 

calculated in each species with the lowest N for each cluster, percent of polymorphic loci 

(PPL), inbreeding coefficient (Fis) with its highest probability distribution interval (HPDI), 

standardized index of association among loci (rd ), and evenness of Simpson’s index k, E(k).  
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Table 4. Analysis of molecular variance (AMOVA) considering individuals grouped per 

site/host and per Structure clustering. 

   Baryscapus servadeii  Ooencyrtus pityocampae 

 
Source  
of variation 

 Variance 
components 

Percentage 
of variation 

 Variance 
components 

Percentage 
of variation 

        
Populations per 
site and host plant 
 

Among 
populations 

 0.130 1  1.540** 14** 

 Within 
populations 

 8.571 99  9.329 86 

        
 Groups per site 

 
Among 
groups 

 0.257 3  1.807** 16** 

  Among pops 
within groups 

 0.000 0  0.000 0 

  Within 
populations 

 8.571 97  9.329 84 

         
 Groups per  

host-plant 
Among 
groups 

 0.000 0  0 0 

  Among pops 
within groups 

 0.194 2  1.757** 16** 

  Within 
populations 

 8.571 98  9.329 84 

        
Populations per 
sub-clusters of 
Structure 
 

Among 
populations 

 3.660** 39**  4.792** 41** 

 Within 
populations 

 5.826 61  6.810 59 

        
 Groups per  

main clusters  
of Structure 

Among 
groups 

 2.559** 25**  3.153** 25** 

  Among 
populations 

 2.021** 19**  2.859** 22** 

  Within 
populations 

 5.826 56  6.810 53 
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Fig. 1. Geographic location of sampling sites, with the indication of the native 

range of Pinus nigra (short dashed line) and the southern edge of the native range of 

Pinus sylvestris (long dashed line): Venosta (1), Rovereto (2), Tregnago (3), 

Calbarina(4), Longarone(5), Carnia (6). For each locality the pine species present are 

indicated with PN (Pinus nigra) and PS (Pinus sylvestris).  
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Fig. 2 . Number of parasitoids emerged from the total of egg batches 

collected for each pine species (PN: Pinus nigra, PS: Pinus sylvestris) and each 

locality (Ven: Venosta, Lon: Longarone, Car: Carnia). 
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   Fig 3a,b. Graphical presentation
of population structure analyses
for B. servadeii (a) and O.
pityocampae (b). A single vertical
line represent each individual.
Colored segments lenghts within
each line are proportional to the
estimated membership to inferred
clusters. Each cluster is
represented by a single color. The
distribution of the clusters is
reported on the map. Population
and pine species are indicated as
in Fig 1.

a)

b)
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Fig. 4 Distribution of pairwise genetic similarities (Jaccard’s index) calculated 
between genotypes inside the two main Structure clusters (indicated with A and B) in 
B. servadeii and O. pityocampae. 
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  Fig 5a,b. Graphical
presentation of population
structure analyses for B.
servadeii for cluster A (a) and
cluster B (b). A single vertical
line represent each individual.
Colored segments lenghts within
each line are proportional to the
estimated membership to
inferred clusters. Each cluster is
represented by a single color.
The distribution of the clusters is
reported on the map. Population
and pine species are indicated as
in Fig 1.

a)

b)
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  Fig 6a,b. Graphical
presentation of population
structure analyses for O.
pityocampae for cluster A (a)
and cluster B (b). A single
vertical line represent each
individual. Colored segments
lenghts within each line are
proportional to the estimated
membership to inferred clusters.
Each cluster is represented by a
single color. The distribution of
the clusters is reported on the
map. Population and pine
species are indicated as in Fig 1.

a)

b)
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Conclusion 

 

Although the genetic study of the population system of the processionary moth 

will require further development, including the genomic analysis of genes with specific 

adaptive functions, there are two general conclusions that can be taken with the results 

obtained so far. The first concerns a practical application of the knowledge while the second 

is oriented to clarify the taxonomic status of the group and to understand its adaptation 

potential. 

 

 

Ecological aspects and applied results linked to population genetic analysis. 

 

Winter pine processionary moths are currently experiencing an expansion due to 

both climate warming and host plant plantations in new areas. Genetic analysis through 

mitochondrial markers of populations in the whole range of T. pityocampa and T. wilkinsoni 

permitted to trace introduction/expansion patterns in the Mediterranean area. Whereas only 

few cases seem to be ascribed to human transportations (e.g. Sardinia and Baleari islands), 

in all the other situations (Israel, northern Turkey, Algeria) the colonizers come from 

geographically closer populations. In temperate regions of Europe instead (e.g. northern 

France) it was not possible to disentangle historical events from contemporary traces, due 

to the lack of genetic structure of the populations in the area explained by a low variability 

at the mitochondrial level. 

The comparison of mitochondrial markers with nuclear markers confirmed also in T. 

wilkinsoni the gender related dispersal found in T. pityocampa (Salvato et al. 2002), with 

males showing a higher gene flow due to their higher vagility. In the expanding populations, 

the risk of a reduced genetic diversity due to the low females dispersal ability is traded off 

by male allelic contribution.  However, this does not seem to fully counteract the drift 

effects, as it has been proved by some cases of local adaptation (Zovi 2008). 
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The genetic population study of two egg parasitoids of pine processionary moth 

gave an interesting insight into the different strategies adopted by generalist and specialist 

parasitoids to find their host. The higher mobility of the specialist (B. servadeii), inferred 

by the lack of a spatial genetic pattern, in association with a host plant linkage of some 

genotypes, could be the result of a long-range host research strategy. On the other hand, the 

geographical structure found in the generalist (O. pityocampae) populations could be the 

effect of a lower vagility of this parasitoid which is not so strictly dependent on its main 

host. This different skill to find their host could thus affect the ability of these parasitoids 

to follow pine processionary moth during its expansion. 

The take-home message of this part is that measures to be taken to contain the pest 

in the forest and urban habitats may have different outcomes according to the genetic 

structure of the populations. In the expansion areas contiguous to the native range we 

should expect a similar response behavior, indicating that any treatment will be likely have 

the same effect. In areas where the species has been introduced by man, the limited genetic 

variability could affect the performance of the pest and indirectly the countermeasures. 

This is typically the case of the Sardinia island, where the population settled in 2004 from a 

Tuscany genotype has spread around rather quickly, although with a very low performance 

and damage to trees and people. In the new expansion areas, either natural or anthropogenic, 

a different impact of natural enemies can be expected. The structured populations of the 

polyphagous Ooencyrtus may respond in a different way to the sudden availability of the 

new host than the monophagous, non-structured Baryscapus. A bright example of such a 

situation comes from the natural expansion area of the pine processionary moth in the 

Venosta valley of Central Alps. Here the outbreak started in 1999 and the local Ooencyrtus 

was present, although unable to cause significant mortality to the new host. Until now its 

population stays at very low density, likely because maladapted to track the population 

dynamics of the host. Conversely, the monophagous Baryscapus was detected only five 

years after the outbreak but achieved immediately a great success, with parasitism rate as 

high as 50% (Zovi et al. 2006). Evidently, there were no limitations in the host exploitation 

because the parasitoids probably arrived from a nearby native area where they were already 
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adapted to it. Thus the generally most common and efficient egg parasitoid Ooencyrtus has 

strong limitations in regulating host populations in the expansion areas, where the insect 

seems to be present but probably adapted to other hosts. All these issues add on the 

unpredictability of the regulation mechanisms and of the efficiency of control measures in 

the expansion areas of this forest pest. 

 

 

Main phylogeographic events detected by mitochondrial markers with some insights into 

taxonomy. 

 

The study on the genetic diversity of pine processionary moths has shown how this 

species complex responded to Quaternary glaciation cycles. Through the analysis of genetic 

variability it has been possible to identify glacial refugial areas (Italy, Alps, Balkans), and 

areas recently colonized (most part of Europe). Populations in Iberian peninsula, northern 

Africa and Near East, does not seem to have experienced glaciations effects. The most 

striking result of the phylogeographic study on pine processionary moths is the 

identification of one more clade (ENA clade, northern Africa) besides the two we expected 

to find (T. pityocampa and T. wilkinsoni). Although determining the taxonomic status of the 

clusters identified here is beyond the scope of the present study, it is noteworthy that the 

range of this clade overlaps the one described by Agenjo (1941) for the variety T. 

pityocampa orana (Tab.1.1). This is one of the two subspecies considered valid by 

Kiriakoff (1970) among the many described by Agenjo (1941) and other authors, based on 

slightly divergent morphological traits. The second subspecies, ceballosi from Anatolia, is 

likely is a synonym of wilkinsoni as the locus typicus is a locality (Aydin) of western 

Turkey, from where I obtained individuals that clearly belong to the latter species. The 

question of the status of T. pityocampa orana is still open to a more detailed genetic and 

morphological analysis of individuals coming from the contact zone with in central and 

western Algeria. Another interesting result is given by the molecular dating, which show 

that the three main clades diverged between early and late Messinian. Intriguingly the Crete 

island population divergence dates at the end of this age, characterized by the conclusion of 

the salinity crisis of the Mediterranean sea. If this dating pattern will be confirmed by the 
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ongoing work on the phylogeny of the genus in the West Palaearctic, it will result that the 

origin of the group is rather ancient, mirroring at some extent the history of vegetation in 

the area. The complex phenology of the pine processionary moths, with species and forms 

shifted chronologically among all the seasons, is a spectacular example of how an herbivore 

may track the host plant in the midst of changing habitat and climate. The quick response of 

these species to current climate change is a further evidence of the high adaptation potential 

to new conditions, making them at the same time a threat to forest productivity and to 

human health. 

 

 

References 

Agenjo R. (1941) Monographia de la familia Thaumetopoeidae. Eos Madrid, 17: 69-130. 

Kiriakoff S. (1970) Lepidoptera familia Thaumetopoeidae. Genera Insectorum de P.Wystman 

Belgique, 219. 
Salvato P., Battisti A., Concato S., Masutti L., Patarnello T., Zane L. (2002) Genetic 

differentiation in the winter pine processionary moth (Thaumetopoea pityocampa- 

wilkinsoni complex), inferred by AFLP and mitochondrial DNA markers. Molecular 

Ecology, 11: 2435-2444. 

Zovi D., Battisti A., Hellrigl K., Minerbi S. (2006) Egg parasitoids of the pine processionary 

moth and their occurrence in Venosta/Vinschgau. forest observer, 2-3: 81-88. 

Zovi D., Stastny M., Battisti A., Larsson S. (2008) Ecological costs on local adaptation of an 

insect herbivore imposed by host plants and enemies. Ecology, 89, 5: 1388-1398. 

 

 

120



Acknowledgments 
 

Firstly I would like to thank Andrea Battisti, my supervisor, Lorenzo Zane, 

molecular ecologist at the University of Padova, and Enrico Negrisolo, molecular biologist 

at the University of Padova, who assisted and supported me during the three years of my 

experience. A special thank to Raul F. Medina who hosted and supported me during my 

stay at Texas A&M University, College Station, TX, between June and December 2008 and 

all his staff: Apurba Barman, Aaron Dickey, Kyle Harrison, Emilie Hartfield, Andrea 

Joyce, Jorge San Juan. I thank all the people who helped in the experimental phases at 

Padova University: in particular Paola Salvato, who assisted me in the lab work, and 

Edoardo Petrucco Toffolo and  Daniel Zovi for their contributions to the chapter of egg 

parasitoids.  

The study was supported by the University of Padova for the three years fellowship, 

the EU project PROMOTH, the PRIN project 2007 Massimo Faccoli “Insetti forestali e 

cambiamento climatico”, and the grant from the Agence Nationale de la Recherche, France 

(ANR Urticlim).  

I thank particularly all my friends and colleagues in the department, in particular 

Teshale Assefa, Fernanda Colombari, Massimo Faccoli, Gabriella Frigimelica, Lorenzo 

Marini, Luca Mazzon, Isabel Martinez-Sanudo, Claudia Savio, Paola Tirello, Edoardo 

Petrucco Toffolo, Caterina Villari and Daniel Zovi. Thanks also to the entomology staff at 

the department (Professors Carlo Duso, Vincenzo Girolami, Luigi Masutti, Giuseppina 

Pelizzari and technicians Patrizia dall’Ara, Gabriella Fenici, Paolo Fontana, Paolo 

Paolucci).  

And finally I have to be grateful also to my family and friends who gave me 

encouragement and moral support throughout this period. 

121



 


	capitolo0.pdf
	preintro
	preintro.2
	preintro.3




