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Abstract 

This thesis uses DNA sequence data to investigate the evolutionary history and ecology of the 

insect communities centred on oak cynipid gall wasps (Hymenoptera: Cynipidae). European 

oak gall wasps show within-species genetic subdivision that can be attributed to confinement 

to refugia in past ice ages, and which indicates an eastern origin for each species. A major aim 

of this thesis was to determine whether parasitoids attacking oak gall wasps show similar 

patterns, compatible with a 'community phylogeography' spanning trophic levels. 

Mitochondrial sequence data for three chalcid parasitoids found strong evidence of refugial 

differentiation in one species (Megastigmus stigmatizans, Torymidae) but sampling in two 

others (Megastigmus dorsalis Torymidae and Eurytorna brunniventris Eurytomidae) provided 

inadequate geographic resolution. Two species, M. dorsalis and E. brunniventris, showed 

patterns consistent with an eastern origin, while data for M. stigmatizans were unresolved 

basally. Western palaearctic oak subspecific richness is also highest in Asia Minor, suggesting 

that this region may represent a cradle of within-species diversity across three trophic levels 

in the same community. 

Human dispersal of the Turkey oak, Quercus cerris, has triggered range expansion from 

southern Europe into northern Europe by 8 oak gall wasp species over the last 500 years. All 

of these invaders have recruited communities of parasitoids in their invaded range. I aimed to 

use mitochondrial sequence and nuclear microsatellite and allozyme data to distinguish 

among alternative hypotheses for the recruitment of these natural enemies. Lack of nuclear 

markers restricted analyses to haplotype sequence data, which supported the following 

conclusions. First, invading gall wasps have allowed parasitoids previously trapped in glacial 

refugia to expand their ranges northwards. Human planting of Turkey oak has thus triggered a 

trophic cascade of range expansion. Second, there is a high probability that galls of Andricus 

kollari imported to southern England in the nineteenth century introduced parasitoids 

alongside the gall wasps. 

Traditional morphological taxonomy has long been known to miss important biological 

diversity. The three parasitoid species named above attack a diversity of oak galls, and an 

important question is whether each currently recognised parasitoid species is a genuine 

generalist, or in fact consists of discrete genetic lineages, each attacking a subset of the known 

host range. Such subdivision is relevant to debates on the adaptive significance of oak gall 

phenotypes, and could have a major impact on the structure of foodwebs centred on gall wasp 
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hosts. Mitochondrial sequence data revealed no parasitoid population subdivision in response 

to the oak taxon on which host galls develop, location of host galls on the host, or aspects of 

gall morphology (spininess, stickiness, and internal gall structure). Limitations to the 

resolution possible with the markers used are discussed, and the existence of significant host-

associated population structure cannot be discounted. Eurytoma brunniventris showed 

significant intraspecific structure unassociated with host traits, compatible with the existence 

of 4 morphologically indistinguishable subspecies or species. This finding is consistent with 

published doubts as to the status of species in this genus. 

Difficulties associated with identification of some adult parasitoids, and almost all immature 

stages, triggered the final work in my thesis, on the use of molecular barcodes to identify 

parasitoids. I discuss the rationale behind the use of DNA sequence data to identify taxa, and 

show that the approach has considerable promise in oak cynipid communities. Nevertheless, 

some generalisations on levels of between-species sequence divergence made by leading 

proponents of molecular barcodes may not apply specifically to chalcids. 
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Chapter 1 

General introduction 

[A modified version of this chapter appears as a review article entitled "Oak gall wasp communities: ecology and 

evolution" in: Basic and Applied Ecology, 6(5), 435-443, by Hayward A, Stone GN (2005)] 

1.1 Introduction 

Oak cynipid galls are microcosms of intense ecological activity and their study holds much 

promise for diverse fields in evolution and ecology. They commonly contain at least three 

trophic levels (gall tissue; gall wasps and inquilines; parasitoids and predators), and much 

research on them has focussed on their value as model tritrophic systems. Interactions 

between these levels can be complex and hyperparasitoids and superparasitoids also occur in 

oak gall communities. Processes structuring and driving the evolution of oak cynipid 

communities remain areas of ongoing debate. This Chapter provides a brief description of the 

current understanding of oak cynipid communities and examines key areas requiring further 

research. It begins with a description of the components of oak cynipid communities, and then 

provides a summary of what is known about their phylogeography within Europe. The 

ecology and evolution of the communities are then examined with a focus on issues of 

relevance to the parasitoids. The Chapter ends with an outline of the questions addressed in 

this thesis. 

Although this thesis focuses on oak gall wasp communities, the issues dealt with are of wider 

relevance outside the group. Chapters 3 and 4 address the issues of community 

phylogeography, the possible existence of host-races in apparently generalist parasitoids, and 

the tracking of parasitoid species following a recent range expansion by a subset of their 

hosts. The study of phylogeography has largely been restricted to individual species, and a 

need exists to extend the discipline to include the analysis of whole communities. This is 

necessary in order to identify whether communities in different geographic locations represent 

truly independent data points, or alternatively whether they are linked by phylogeny. This is 

an important consideration when analysing the structure of communities in the search for 
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possible rules of community assembly. A further application is the identification of areas that 

correspond to centres of diversity across trophic levels for the assessment of conservation 

priorities. The existence of host-races, or population subsets associated with different host 

taxa, is of importance for the analysis of foodweb structure. True generalists link many hosts 

together and have the potential to mediate apparent competition among shared hosts, whereas 

the existence of host races implies a set of smaller subcompartments within which only a 

subset of hosts interact. Currently, little is known about the way in which parasitoids locate 

and discriminate between hosts, but this is of significant importance for their use as successful 

biocontrol agents. Tracking the origin and colonisation pattern of invading species is of 

importance for predicting changes in species distributions associated with climate change, 

evaluating the potential consequences of the introduction of biocontrol agents from different 

physiological regimes, and controlling the spread of invasive species. Chapter 5 involves an 

examination into the evolution of trophic shifts in parasitic wasps. Shifts between 

entomophagy and various forms of phytophagy are apparent within several parasitoid 

families. The ease and direction of such transitions is unknown, but a more complete 

understanding could provide important clues regarding the evolutionary pressures acting upon 

parasitoids. Chapter 6 consists of an assessment into the utility of DNA barcoding in oak gall 

wasp communities. Molecular taxonomy and the use of DNA barcodes hold much promise, 

but the specifics of their application are currently hotly debated. 

1.2 Components of oak cynipid communities 

The oak cynipids form the Cynipini, one of six tribes in the gall wasp subfamily 

(Hymenoptera: Cynipidae: Cynipinae). With approximately 1000 species in 27 genera the 

Cynipini is by far the largest tribe in the subfamily (Ronquist 1999), and the true figure may 

actually be much larger (Nordlander 1984). Oak cynipids develop as obligate parasites in 

galls that they initiate on Quercus and related genera in the family Fagaceae. 

Oak cynipid galls also support rich communities characterised by a high diversity of 

generalist natural enemies, predominantly chalcid hymenopteran parasitoids, and a distinct set 

of inquilines (see below) (Stone et al 2002). Most of these are exclusively restricted to oak 

cynipid hosts, making it possible to consider the interactions that occur within oak galls in 

isolation and their communities as effectively closed (Askew 1984, Braune 1992, Gilbert et al 

1994, Stone et a! 2002). The high diversity present in oak cynipid communities is due in part 

to the abundance and diversity of inquilines, which act as additional host resources for 
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parasitoids (Schonrogge et a! 1994, Schonrogge et a! 1996, Stone et a! 2002). The term 

'inquiline' derives from the Latin inquilinus meaning tenant or lodger, and is used to refer to 

an organism that lives commensally in the home of another species. Inquilines of oak cynipid 

galls include gall midges, moths and beetles, but by far the most numerous in terms of both 

number of species and abundance are the cynipid inquilines (Csóka et a! 2005). These belong 

to the tribe Synergini, which are thought to be derived from gall-inducing cynipids within the 

basal paraphyletic tribe Aylacini (Ronquist 1999, Nylander 2004). There are 128 species 

recorded from oak cynipid galls, the vast majority of Which are specific to these host galls and 

belong to the genera Ceropires (Pujade-Villar & Nieves-Aldrey 1993, Nieves-Aldrey 2001), 

Saphronecrus (Pujade-Villar & Nieves-Aidrey 1990), Synergus (Nieves-Aldrey & Pujade-

Villar 1985, 1986, Ritchie 1984), and Synophrus (Stone et a! 2002). Relationships among the 

inquiline genera remain unclear. While morphology-based analyses suggest monophyly 

(Ronquist 1994, 1999, Vârdal 2003, Vârdal et a! 2004), the most recent sequence-based 

analyses suggest 3 separate evolutions of inquilinism from gall induction (Nylander 2004, 

Nylander et a! 2004). The Synergini have lost the ability to induce their own galls, but remain 

able to induce the development of larval chambers lined with nutritive tissue inside the galls 

of their hosts (Shorthouse 1973, Ronquist 1994). In oak cynipid galls inquiline species either 

induce chambers in the outer gall tissues, or in the host larval chamber. Although the 

Synergini are apparently wholly phytophagous, species that initiate chambers in the host 

larval chamber often cause the death of the host, and are termed lethal inquilines. Lethal 

inquilines can result in local extinction of the gall former (Washburn & Cornell 1981) and 

cannot be considered commensals in the true sense, instead being better classed as natural 

enemies (Wiebes Rijks & Shorthouse 1992). 

All known parasitoids that attack cympid hosts are wasps, including members of the 

Iclmeumonidae, Braconidae, and most importantly in terms of species richness and level of 

mortality inflicted, the Chalcidoidea (Askew 1984, Wiebes-Rijks & Shorthouse 1992, Stone 

et al 2002). Six chalcid families attack European oak cympid communities: Pteromalidae, 

Eurytomidae, Eupelmidae, Eulophidae, Ormyridae, and Torymidae (Askew 1965, 1984, 

Nieves-Aldrey 1983a, 1983b, 1983c, 1984a, 1984b, Pujade-Villar 1989, 1992a, Plantard et al 

1996, Plantard & Hochberg 1998, Schonrogge & Crawley 2000, Schonrogge & Askew, in 

press). These parasitoids feed either externally (ectobionts) or internally (endobionts) to the 

host, either as the host continues developing (koinobionts), or when development has been 

arrested by stinging prior to oviposition (idiobionts). The majority are solitary idiobiont 

ectoparasitoids whose larvae feed suctonally (Askew 1984, Csóka et a! 2005). There are 
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relatively few endoparasitoids in cynipid galls, but examples include Pediobius lysis and 

Sycophila biguttata (Askew 1984). Gregarious parasitoids, in which many wasps develop on a 

single host, are also rare (examples include members of the genus Baryscapus (Schonrogge et 

a! 1995)). Some species such as Torymus cyaneus and Eurytoma brunniventris display 

facultative phytophagy and are able to feed on gall tissue in addition to host larvae (Askew 

1984). Indeed, E. brunniventris is able to develop to maturity by feeding entirely on gall 

tissue, although viability of the adult is low (Askew 1999). Some ectoparasitoids such as T. 

auratus and E. brunniventris can act as facultative hyperparasitoids and cannibals, and will 

attack any larva they encounter. 

Parasitoids vary in their host specificity and oak cynipid communities are characterised by 

large numbers of polyphagous species and limited numbers of parasitoids with a narrower 

host range (Askew 1984). However, almost all parasitoids reared from cynipid galls are 

specific to these hosts. Exceptions include Eupelmus urozonus and E. vesicularis, which are 

also secondary parasitoids of a range of Lepidoptera, Diptera and Coleoptera larvae (Noyes 

1998). These species also have the broadest range of cynipid hosts and are able to develop as 

ectoparasitoids on a great range of other parasitoids (Schonrogge & Askew, in press). 

Individual parasitoid species generally attack only galls induced by members of a single 

cympid gall wasp tribe, with the exception of E. urozonus, S. biguttata, S. flavicollis, 

Mesopolobus sericeus and Aulogymnus skianeuros, which have been recorded from both oak 

and rose cynipid (Cynipini and Diplolepidini) (Askew 1984). However, different tribes are 

commonly attacked by the same parasitoid genera (Schonrogge & Askew, in press). All of the 

endoparasitoids and some of the larger ectoparasitoids only ever attack the gall inducer rather 

than the inquilines, and gall inducer and cynipid inquilines often support distinct parasitoid 

communities. 

Oak cynipids are predominantly Holarctic in distribution, with the greatest diversity present in 

the Nearctic, where there are approximately 700 species (Melika & Abrahamson 2003). 

However, their communities have been most thoroughly studied in Europe, where community 

diversity consists of about 200 species of gall former, 104 species of hymenopteran parasitoid 

(mostly chalcids), and 38 species of inquiline cynipid (see below) (Schonrogge et a!, in prep; 

Csóka et a! 2005). Within Europe, oak cynipid community diversity is highest in the south, 

with diversity decreasing along a latitudinal gradient northward (Stone et a! 2001, 2002, 

Rokas et al 2003a). 
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1.3 Phylogeographic patterns in oak cynipid communities 

A major influence on the phylogeography of European species is the legacy of ice age refugia. 

During the Quaternary (the last 2.4 Myr) repeated glacial periods of about 100 kyr are thought 

to have restricted the ranges of many European plants and animals to regions (termed refugia) 

in the south that escaped coverage by ice sheets or. tundra (Hewitt 1996, 1999). The last 

glacial period ended around 10,000-12,000 years ago (Godwin 1975). However, limited gene 

flow between populations in different refugia has produced a refugial pattern of population 

structure still visible at the present time for many European plants and animals (Hewitt 1999, 

2000, Taberlet et al 1998). The impact of glacial cycles on population structure is probably 

determined by three general factors: (a) the length of time for which populations within 

refugia were genetically isolated from each other. (b) The extent to which populations 

originating in different refugia interbreed in more northerly regions during interglacials. (c) 

The extent to which interbred noithem populations contributed to the genetic composition of 

southern refugia in successive glaciations. The following section provides a brief summary of 

European refugial structure and post-glacial range expansion for oaks and gall wasps. The 

section will end with a discussion of the possible impacts that these patterns may have had on 

the population structure of European oak gall wasp parasitoids. While much has been done on 

oaks and gall wasps, this study is the first look at phylogeographic structure in the parasitoids. 

1 Patterns of oak refugia 

Oak gall wasps predominantly gall oaks within Quercus subgenus Quercus. This subgenus is 

divided into four sections on the basis of DNA sequence data (Manos et a! 1999): Lobatae, 

Protobalanus, Quercus sensu stricto, and Cerris. Of these, only the sections Quercus sensu 

stricto and Cerris are native to the Western Palaearctic. 

Spatial patterns of genetic variation present within species have only been studied in detail for 

a few western palaearctic oak species of importance here. These are Q. robur,  Q. petraea 

(Kremer & Petit 1993, Zanetto & Kremer 1995, Dumolin-Lapegue et a! 1998, Ferris et al 

1998, Petit et a! 2002a), and Q. suber (Tuomi & Lumaret 1998). On the basis of fossil pollen 

and genetic data (DNA microsatellites & chioroplast haplotypes) three main refugia for oaks 

in Europe have been suggested: the Iberian Peninsula, Italy, and the Balkans (Huntley & 

B irks 1983, Hewitt 1996) (see Figure 1.1). The locations of refugia outside Europe are not so 

well known. However, current distributions of endemic oaks suggest that Turkey may have 
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had two separate refugia, one in the southwest and one in the southeast. Fossil pollen is 

subject to the limitation that it does not currently allow discrimination between closely related 

species within an oak section, or sometimes even between Quercus sensu siriclo and 

deciduous members of the section Cerris (van Benthem et a! 1984). 

Balkan 

Iberian 	 refuge 
Italian refuge 	
refuge 

•1 4  
Figure 1.1 Putative refugia for oaks within Europe 

Estimates of chloroplast DNA evolution rate (about 0.11% per million years) suggest refugial 

populations probably diverged at least three million years ago (Ferris el a! 1998, Tzedakis 

1993). Thus, despite the fact that lineages of the same oak species from different refugia 

probably interbred during interglacials, the resultant 'inter-refugial hybrids' appear to have 

been unable to disperse southwards again. This is probably due to the rapid fall in 

temperatures at the end of each interglacial (10-12% over 5-10 years), which left little time 

for northern populations to disperse southwards. An additional factor may have been the east-

west orientation of mountains in southern parts of the Western Palaearctic (the Pyrenees, 

Alps, Carpathians, Taurus Mountains and Caucasian ranges), since passes at higher altitude 

may already have been too cold to allow further southwards dispersal by the time northern 

populations were forced against their north-facing slopes, 

Only a very limited number of western palaearctic oaks have managed to escape glacial 

refugia in the present Holocene interglacial. However, natural range expansion has been 

augmented in many places by human introduction of species outside their native range (see 

below). The northwards spread of oaks has been reconstructed mainly from analyses of fossil 
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pollen from lake sediment cores (Huntley and Birks 1983). Pollen data is subject to the 

limitations discussed above, however, we know from current distributions that records north 

of glacial refugia probably indicate the spread of Q. petraea and Q. robur, with minor 

contributions from Q. pubescens and Q. pyrenaica in the west. Estimates of the rate of tree 

spread since the last ice age in Europe range from approximately 500 metres per year (Bennet 

1986) to 2000 metres per year (Huntley & Birks 1983). 

Ferris et a! (1998), Dumolin-Lapegue et al (1997) and Petit et a! (2002b) made use of 

chioroplast DNA haplotypes specific to the three European refugia to investigate the origins 

of current northern populations of Q. petraea and Q. robur (Figure 1.2). Both species are now 

found across Europe as far north as Scotland in the west and the Central Russian Uplands in 

the east (Jalas & Suominen 1987). Data to date suggest that Iberian populations expanded into 

western France, the United Kingdom and southern Norway. Italian populations expanded into 

central Europe, and a clear north-south contact zone between populations derived from the 

Iberian and Italian refligia now runs through central Europe (Ferris et a! 1993). Balkan 

populations expanded over a broad front, and lineages originating there are now found 

throughout central and western Europe. A feature of populations in northern Europe is a 

dramatic loss of population genetic diversity within species with distance from refugia (Petit 

et al 2002a). Such a pattern is consistent with the founding of new populations by small 

numbers of individuals and a 'stepping-stone' model of range expansion. 

The only other European species to have expanded its range significantly beyond glacial 

refugia is Q. pubescens, which is found throughout much of eastern and central Europe and 

southern France to the Pyrenees. Although it is widespread in France, ecological preferences 

(well-drained lime-rich soils and sensitivity to frost) have restricted it to localised areas, 

resulting in an increasingly patchy distribution with increasing latitude. 
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V 

Iberian.' 	 Balkan 

refué 	 Italian 	refuge 

refuge 

Figure 1.2 Section Quercus oak putative refugia and pattern of post-glacial range 

expansion (modified from Petit et a! 2002) 

The deciduous members of the section Cerris show a longitudinal series of distributions 

within Europe from Q. suber (the cork oak) in the Iberian Peninsula, to Q. cerris (the Turkey 

oak) in Italy, the Balkans, Greece and western Turkey, and Q. libani and Q. ithaburensis in 

eastern Turkey. Section Cerris oaks appear to have been unable to escape from their refugia 

and have a natural distribution limited to the south. Q. suber, though predominantly an Iberian 

species, is also found in Italy. Italian populations show low genetic variation that represents a 

subset of that found in Iberia, and it is possible that most or all of the Italian populations result 

from ancient human planting. Post-glacial range expansion in this species is restricted to 

isolated populations in south-western France. 

2 Patterns of gall wasp refugia 

Phylogeographic patterns have been investigated within Europe for several oak cynipid 

species in the genera Andricus and Biorhiza, using mitochondrial haplotypes (derived from 

the cytochrome b gene) and allozyme markers. The pattern of oak gall wasp refugial structure 

differs from that of the oak tree hosts (described above), which includes a separate refiigium 

in each of Italy and the Balkans (Brewer et a! 2002, Petit et a! 2002)(see Figure 1.1). In 

cynipid species, the pattern of refugial population structure suggests the existence of at least 

three reftigia within Europe: an Iberia refugium, a central European refugium consisting of 

Italy and the Balkans, and a Turkish refugium (see Figure 1.3). What is labelled as the 

Turkish refugium in Figure 1.3 may actually consist of multiple refugia as discussed above 
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for the oaks. Oak gall wasp refugia are naturally delineated by the Alps, the Tatras and the 

Carpathians in central Europe, and in Iberia apparently by the northern most distribution 

limits of Q. suber. Populations sampled from Iberia usually appear most derived and form a 

single discrete monophyletic dade (Stone el al 2001, Stone el al 2002). In contrast, 

populations from the Balkans and Italy do not constitute refuge-specific clades but form a 

paraphyletic group, encompassing the Iberian dade. Turkish populations are divided, with 

haplotypes from some individuals sampled from Turkey falling in the Italian/Balkan dade, 

and others forming a basal paraphyletic group encompassing all other groupings (Stone et a! 

2001, Rokas et a! 2003a). The relative genetic isolation of Iberian populations suggests that 

divergence between the common ancestor of all Iberian sequences and that of Italian and 

Balkan sequences is substantial, implying that Iberian populations have been isolated from 

other European populations for a relatively long time. Coalescence times for Iberian lineages 

are far more recent than those elsewhere in Europe and intraspecific diversity is low, 

suggesting that Iberian populations may also have a recent history of genetic bottlenecks 

(Stone et a! 2001, Rokas eta! 2003a, Atkinson el a!, in press). 

Iberian 	 Central European 

refuge 	 refuge 

Turkish 
refuge 

Figure 1.3 Putative refugia for oak gall wasps within the western palaearctic 

The refugial pattern of population differentiation uncovered for the cynipids is accompanied 

by a longitudinal decrease in genetic diversity from Anatolia in the east to Iberia in the west. 

This is compatible with the idea that oak cynipids as a guild may be ancient invaders to 

Europe from a centre of origin in the east. This idea has prompted the formulation of the Out 
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of Anatolia' hypothesis for an origin of oak gall wasp communities as a whole in the east 

(Rokas et a! 2003a, Atkinson et al, in press). 

Although there have been investigations into the phylogeography of cohorts of species 

(Taberlet et al 1998, Hewitt 1999) the analysis of 'community phylogeography' - tracing the 

geographic origin and subsequent spread of communities - is new. In contrast to the cohorts 

of species reported by Hewitt and Taberlet et al, the sort of communities that must be 

considered in order to pick up community phylogeography are tightly linked and ecologically 

closed communities. The lack of studies on 'community phylogeography' may be due to the 

difficulties involved in amassing data for whole series of species that exist within a 

community across a wide geographical scale. Oak gall wasps are well suited to examining the 

question of community phylogeography due to the closed nature of their communities, and the 

expected tight association between members in the community as a result of this. The 

groundwork for examining the community phylogeography in oak gall wasp communities is 

already in place (Csóka et al 2005) and the system offers a promising study ground with 

which to launch the field. 

3 Impacts of oak distributions on gall wasp refugial structure 

Most oak cynipids are cyclically parthenogenetic (heterogonous), with a springtime sexual 

generation and a summer/autumn parthenogenetic generation. In Europe two genera 

(Andricus, Callirhytis) include species that gall different oak hpst taxa in their - two 

generations. Host-alternating Andricus gall oaks in the section Cerris in their sexual 

generation, and oaks in the section Quercus in their parthenogenetic generation. The 

phylogeography of two oak host alternating cynipid species, A. kollari and A. quercustozae, 

has been studied in particular detail (Stone et a! 2001, Rokas et a! 2003a). Both display a 

particularly marked population divide between populations sampled in Iberia up to southern 

France just north of the Pyrenees, and those sampled in the rest of Europe. This dividing line 

corresponds exactly with the dividing line between two region specific section Cerris oak 

hosts, Quercus suber and Q. cerris (see Figure 1.4)(Pujade 1992b, 2003, Stone et a! 2001), 

suggesting that rarity of host shifts between these two oaks may maintain the genetic isolation 

of Iberia. This impact of host specificity is seen more generally in the failure of many host 

alternating gall wasps to expand from central Europe into Iberia (Rokas et a! 2003a, Atkinson 

et al, in press). Such biological structuring processes may well have impacts extending to 

other components of gall wasp communities. 
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Figure 1.4 Native and introduced range of Q. cerris and Q. suber (Modified 

from Stone eta! 2001). The northern limit to Q. suber represents the 

southern limit to the introduced range of Q. cerris. 

4 Impacts of recent human dispersal of Q. cerris 

As stated above, section Cerris oaks have not been able to escape their refugial distribution in 

the south. However, over the last 400 years, Q. cerris has been planted extensively north and 

west of its native range and has since become naturalised across much of northern and central 

Europe (Jalas & Suominen 1987)(see Figure 1.4). In parts of its range it has become so 

successful that it has acquired pest status in native oak woodlands. This anthropogenic range 

expansion has facilitated a recent range expansion by at least 8 host alternating Andricus 

species (Stone & Sunnucks 1993, SchOnrogge et al 1998, Kwast 2001, Stone et al 2001, 

Walker et al 2002). 

Phylogenetic analyses on gall wasp populations in the invaded range support a central 

European origin (see Figure 1.5, Stone & Sunnucks 1993, Stone et al 2001, Rokas et al 

2003a) and range expansion is associated with qualitative and quantitative changes in the 

community associated with the galls (Schonrogge et al 1994, Stone et al 1995). Community 

diversity and the total mortality inflicted on the gall wasp by parasitoids both decrease with 

distance from the invasion origin. Strikingly, over time, communities and mortalities in the 

invaded range converge on those in the native range, suggesting a strong impact of 
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deterministic host-specific factors on parasitoid community composition (Schonrogge et al 

1994, 1995). 

-, 	 ____ 

central European 
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-T •- 	
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Figure 1.5 Hypothetical pattern of range expansion for three of the invading 

species: A. lignicola, A. corruptrvx, A. quercuscalicis (Stone & Sunnucks 1993, 

Csóka et all 998). The same invasion route may have been used by A. kollari. 

5 Potential impacts on parasitoids 

It is not clear what the refugial structure of oak gall wasp parasitoid populations will be. 

Parasitoid refugia could potentially mirror either gall wasp refugial structure, with Italian 

populations consisting of a subset of the Balkans genetically, or show an oak-like structure 

with Italy and the Balkans distinct. Alternatively, refugial structure might be absent 

altogether. If the "Out of Anatolia" hypothesis for the origin of oak gall wasp communities is 

correct, we would expect to see a concordant phylogeographic pattern in the parasitoids and 

their gall wasp hosts. However, an alternative possibility for community development is that 

members have discordant origins, with different species having been recruited by host shifts 

from existing communities. Individual parasitoid species may show separate phylogeographic 

origins, such as "Out of Iberia" for instance. It is also not clear what pattern of recruitment 

will be evident for parasitoid populations present in invading hosts in Northern Europe. As 

stated above, parasitoids are present in these hosts, however, they could have been recruited 

from a number of possible origins. These origins include host shifts from native communities 

(if the parasitoid is native to the invaded range) and pursuit from one or more of the putative 

refugia. Given the closed nature of gall wasp communities, pursuit of hosts is quite likely a 
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priori, with generalists free to follow the first gall wasps, and specialists restricted until their 

hosts make the move. In addition, although the gall wasp hosts have been shown to originate 

from the Balkan refugia, parasitoids from a different refugium may have 'hitchhiked' onto 

invading hosts. In the UK introduction represents a further possibility as a consequence of the 

mass importation of A. kollari galls to the country during the 19th century. 

1.4 Ecology of oak cynipid communities 

In addition to looking at spatial population structure an important issue in parasitoid 

community biology is host-mediated population structure. Here subsets of populations of 

individual parasitoids are potentially divided among alternative hosts. This section provides a 

background to ecological interactions in oak galls and explains why consideration of host 

mediated population structure is appropriate for this study. 

Oak cynipid communities are highly diverse and possess the greatest community richness 

amongst the cynipid gall wasps (Askew 1984, Csóka et a! 2005). The fact that a high diversity 

of gall formers and parasitoids often occur in sympatry, and the abundance of generalist 

parasitoids in oak cynipid communities, raise two important questions: 

Do sympatric gall wasp species compete, either directly or indirectly? Direct bottom-up 

competition could occur for limiting resources such as oviposition sites, or for nutrients 

where multiple galls develop on the same plant part. Evidence for both types of direct 

competition exists (Atkinson et a! 2002, 2003, Gilbert et a! 1994), but the frequency of 

such effects in oak galls remains unclear. Indirect competition could arise as a result of 

top-down impacts imposed by shared natural enemies. Theoretical treatments of such 

indirect effects, termed apparent competition, predict that a shared natural enemy will 

drive all but one of its prey hosts extinct (Holt 1977, Holt & Lawton 1994). This 

prediction is also supported in simple experimental systems, and apparent competition 

has recently been shown to be an important factor in real communities (Settle & Wilson 

1990, Bonsall & Hassell 1997, Morris et a! 2004). Most oak cynipids share natural 

enemies (Askew 1984, Askew & Shaw 1986, Hails & Crawley 1992, Schonrogge & 

Askew, in press), so how then is host cynipid diversity maintained? 

How do multiple parasitoid species competing for the same resource coexist without 

driving each other extinct? The great number of ecologically similar parasitoid species 
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with overlapping host preferences seems inconsistent with the theory of competitive 

exclusion. 

Clearly mechanisms exist that permit the sympatric coexistence of high diversities of oak 

cynipids and parasitoids. One answer to the above questions is that coexistence may depend 

upon the partitioning of parasitoid species or populations within species by gall traits. Askew 

(1984) states that the main factors influencing parasitoid community composition are: 

Host oak taxa 

Gall location on the host plant 

Gall structure: galls of a similar size that develop on the same plant part at the same time of 

year have similar communities (Askew 1961, 1984). 

Phenology. 

These potential structuring factors are discussed in turn below: 

Host oak taxa. 

Very little is known about the cues used by oak cynipid parasitoids to locate their hosts, but 

host oak taxa may be an important factor. Parasitoids are known to use plant volatiles as a 

means of detecting hosts (Olson et a! 2003, Birkett et al 2003, Pettersson 2001). Galls are 

composed entirely of plant tissue, and may have characteristic volatile signatures used by 

parasitoids as foraging cues. Indeed, preferences for volatiles from different gall species have 

been demonstrated in oak cympid parasitoids (Schonrogge et a!, unpublished data), and these 

may influence their attack rates on different gall species in the field. 

Location 

As a group oak cynipids induce galls on buds, stems, catkins, leaves and roots, and it is 

possible that host-associated cues used by parasitoids vary with gall location. Since odour, 

shape, and size are all likely to be important during the initial stages of parasitoid searching 

(Stone & Schonrogge 2003), gall location may play an important role in structuring 

parasitoids. 
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Structure 

Galls of similar size but divergent morphologies often share very similar associated parasitoid 

communities (Schonrogge & Askew, in press). This observation appears to conflict with 

theories suggesting that enemy escape may have driven the evolution of novel gall 

morphologies (see 'Evolution of oak gall communities' below). However, as discussed above 

changes in size and structure during development of a given gall type may constrain when a 

given parasitoid can attack the gall. Many galls are large enough when mature that only 

parasitoids with very long ovipositors can attack the gall former. There are periods of time, 

termed 'windows of opportunity' in which parasitoids with shorter ovipositors are able to 

attack a gall former before it becomes physically out of reach (Craig et a! 1990, Stone & 

Schonrogge 2003). Should these windows occur at different times for different gall species, 

they could drive selection for synchronisation of gall development and parasitoid flight 

periods and hence generate temporal partitioning of parasitoids. It is quite possible that 

patterns of development in other gall traits, such as sticky coatings or a covering of hairs, may 

have similar community impacts. 

Phenology 

This factor combines 2 closely interrelated issues which I group together - the phenology of 

gall development, and the quantity of resource provided by the growing gall wasp larva 

within the gall. Phenology is also partially confounded with host oak section, since the 

different sections have different phenologies that dictate when gall induction, and hence 

parasitism can occur. Most oak cynipids have two generations a year, a spring sexual 

generation and a summer/autumn parthenogenetic generation. The gall structures and 

locations of the two generations are usually very different. It is possible that such alternation 

of gall phenotypes was initially favoured by selection because it allowed escape from 

mortality inflicted by enemies able to recognise only one of the two phenotypes in the 

lifecycle (Pujade-Villar et a! 1999). Support for the enemy-escape hypothesis is provided by 

the fact that there are relatively few cases of a single parasitoid attacking both generations of 

the same host. Where a parasitoid attacks both generations (for example, Mesopolobus 

amaenus attacks both generations of Andricus quercuscalicis) it may well attack different 

hosts (gall former or inquiline) in the two generations (Stone et a! 1995). However, both 

generations now commonly experience heavy parasitoid attack, albeit by different parasitoid 

faunas. 
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A more important difference between generations may be resource availability, with spring 

generations and their galls usually smaller or much smaller than those of their corresponding 

summer generations. Without specific adaptations (see below), resource limitation prevents 

large idiobiont parasitoids from attacking galls early in their development, and host eggs or 

young larvae only provide enough resources for small idiobiont parasitoids or koinobionts. 

Larger parasitoids such as M stig?natizans, Ormyrus nitidulus and Torymus erucarum only 

have one generation a year, and may be excluded from sexual generation spring galls because 

they provide insufficient resources for successful development of the parasitoid larva. These 

species do not eat gall tissue, and in contrast to some discussed below, can only feed on the 

host resource available at the time of attack (Stone et a! 1995). For such parasitoids, resource 

maximisation requires attacking their hosts late in development, and this group includes the 

species with the largest ovipositors seen in oak gall communities (Stone et a! 2002). A similar 

pattern is also apparent at the seasonal level, and three Torymus species with two generations 

a year display seasonal polymorphism in ovipositor length (with longer ovipositors for the 

summer/autumn generation) (Askew 1965). An alternative strategy to possessing a long 

ovipositor is to lay eggs early in gall development that lie dormant in the host-larval chamber. 

This permits attack when the gall is small but allows the host larva to be harvested later when 

it provides a larger resource. Such a strategy is displayed by Sycophila biguttata (Schonrogge 

et a! 1995, Csóka et a! 2005). Alternatively, Torymus cyaneus attacks early, but its eggs hatch 

quickly and the larva feeds initially on gall tissue, switching to the cynipid larva later. 

Although the impact of gall traits on parasitoid population structure remains unclear, an 

intriguing possibility is that apparently generalist parasitoids in fact consist of 

morphologically indistinguishable host-races or ecotypes associated with particular subsets of 

the available gall community. The existence of host-races would reduce the potential for 

apparent competition between gall wasps and for potential resource competition amongst 

parasitoids. The evolution of specialists from generalists is predicted by mosaic models of 

coevolution (Thompson 1999), and is also predicted by food-web theory to increase foodweb 

stability (Kondoh 2003). 

The extent to which these factors are predicted to drive parasitoid community structure 

depends on other factors including the impact of bottom up and stochastic effects on the 

relative abundance of different hosts (Stone & Schonrogge 2002). Intraspecific variation in 

gall traits allows the teasing apart of these complex effects (eg Plantard et a! 1996, Plantard & 
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Hochberg 1998) for single species, and the major challenge remains examining the same 

effects at a community level. Work in this field is at an early stage, but initial results by Acs 

et a! (2001) support population subdivision associated with different oak and gall wasp hosts 

in the parasitoid Eurytoma brunniventris. These results provide a tantalizing suggestion of the 

possible existence of host races in oak gall wasp parasitoids. However, the sample size used 

in this study was very small and further examination is necessary. E. brunniventris is one of 

three oak gall wasp parasitoid species examined in larger sample sizes across host oak taxa, 

gall locations and gall morphology in Chapter 4 of this thesis with the aim of clarifying this 

issue. 

1.5 Evolution of oak gall communities 

An outstanding question in the evolution of oak gall communities is what selective forces 

drive the diversification of gall phenotypes (Cornell 1983, Price et a! 1987, Stone & 

Schonrogge 2003). Each species of oak cynipid produces a gall of characteristic morphology, 

many of which display great complexity (Stone & Cook 1998). Gall traits are under the 

control of the gall wasp and thus represent the extended phenotypes of gall inducer genes 

(Stone & Schonrogge 2003), and any gall structure that enhances gall wasp survival should be 

under strong selection. The natural enemies of oak cynipids can only reach their hosts by 

oviposition through gall tissue and the current favoured hypothesis, the enemy hypothesis, 

states that gall diversification has been driven by selection to avoid mortality imposed by 

these enemies. Cympid galls possess a wide variety of potentially defensive traits such as 

surface spines and hairs, increased hardness and thickness of gall tissue, the presence of false 

chambers and the secretion of ant-attracting nectar (Stone & Schonrogge 2003). Selective 

advantage for these gall traits is also supported by the fact that several of them have evolved 

convergently (Cornell 1983, Price et a! 1987, Stone & Cook 1998). However, the diversity of 

generalist parasitoids able to attack divergent gall morphologies appears to contradict the 

enemy hypothesis. Galls provide some degree of protection against nonspecialist predators 

and pathogens, but are far from being enemy-free space. In fact oak cynipids often experience 

a higher rate of mortality due to natural enemies than free-feeding insects (Price et a! 1987, 

Stone & Schonrogge 2003). 

One possible explanation is that gall traits represent the 'ghost of parasitism past', in that they 

were once useful as means against parasitoid attack, but have since lost their utility due to the 

subsequent adaptation of parasitoids (Price & Pschorn-Walcher 1988, Stone & Cook 1998). 
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The potential ability of parasitoids to exploit windows of opportunity before protective gall 

traits have developed, as discussed above, provides one means of circumventing 

morphological defences. It is also possible that whilst not fully excluding the majority of 

natural enemy species, gall traits nonetheless reduce the mortality inflicted by specific 

parasitoids on specific hosts. The probability of successful attack by parasitoids may be 

reduced in a number of ways. A hairy covering makes it difficult for parasitoids to explore a 

gall surface with their antennae and insert their ovipositors, while hard galls with thick-walled 

parenchyma are drilled into more slowly, leading to a higher probability of predation or 

ovipositor damage than when dealing with soft galls. Multiple larval cells (Jones 1983) and 

secretion of nectar to recruit ant-guards (Washburn 1984, Abe 1992, Fernandes et a! 1999) 

have both been shown to reduce parasitoid attack. However, correlations between variation in 

many gall attributes and parasitoid mortality remain to be experimentally demonstrated (Stone 

et al 2002). 

What evolutionary processes might have led to generation of the high diversity present in oak 

cynipid communities? Host shifting may be of central importance to the diversification of 

herbivores (Bush 1969, 1975), and associated parasitoid taxa (Cronin & Abrahamson 2001). 

Where natural enemy search strategies depend upon host-plant specific cues (Brown et a! 

1995), host shifts may be favoured because they result at least temporarily in escape from 

natural enemies (Lawton 1986, Price et a! 1986). If parasitoids make the same host oak shift, 

radiation of natural enemies may eventually follow, in a process termed 'sequential radiation' 

by Abrahamson et a! (2003), perhaps first by host race formation as outlined above, and then 

later by speciation. Phylogenetic evidence to date suggests that host shifts have been rare in 

oak gall wasps (Cook et a! 2002), but similar effects could result from parasitoid specificity in 

any other aspect of host gall selection, such as gall location on a given host. To our 

knowledge, there has been no specific study of sequential radiation within oak cynipid 

communities. A challenge here is that until the basis of host choice by parasitoids is 

understood, potential cases of sequential radiation will be hard to identify. A number of 

parasitoid genera have enough species in oak gall communities for sequential radiation to be 

possible. An example is Torymus (Torymidae), a genus which includes species attacking a 

wide range of concealed hosts, including cynipids on host plants other than oaks. Members of 

this genus associated with oak galls are closely related, and display a similar basic bauplan. It 

is possible to imagine a situation where a putative ancestor, originally associated with a 

different host or mode of feeding entered the oak cynipid system through an oviposition 

mistake, and subsequently descendant lineages radiated through the available diversity of oak 
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cynipid hosts. Indeed, some in-built propensity for making oviposition mistakes or plasticity 

in oviposition events could be seen as being of long-term value for the persistence of 

parasitoid lineages. New polyphagous parasites may be continually being added to 

communities (Askew, 1984). Askew & Shaw (1986) suggest that parasitoid communities may 

initially consist of polyphagous parasitoids that evolve increasing specialism over time. Their 

argument is that although generalists have a larger host range, being a specialist conveys 

benefits of synchronisation and searching efficiency that offer competitive advantage in 

interspecific competition. 

1.6 Aims and objectives of thesis 

This discussion highlights a range of unanswered questions in oak gall wasp community 

ecology and evolution. This thesis aims to investigate several of the key questions relating to 

oak gall wasp parasitiods amongst these. 

Chapter 2 details the methods used in this thesis. It consists of a review of phylogenetic 

techniques and justification of the methods applied. Also included is a rational of marker 

selection, and specific details of the laboratory techniques and computer analyses used. 

In Chapter 3 the extent to which different oak hosts exert an effect on the population structure 

of parasitoids will be examined. As described above, the major divide in oak hosts that occurs 

in southern France appears to exert a strong impact upon the population structure of the gall 

wasp Andricus kollari. However, it is currently unclear whether host oak effects will be 

transmitted up atrophic level to parasitoids. The discovery of a similar pattern could have 

important implications for the understanding of structuring processes that operate in oak gall 

wasp communities. 

In Chapter 4 the phylogeographic histories of several parasitoid species are examined in order 

to establish whether these are concordant with what has been found for their gall wasp hosts. 

In addition, the existence of host races is examined with reference to host oak section, gall 

location, and gall phenotype. As described above, the existence of host races in oak gall wasp 

parasitoids has important connotations for our understanding of the structuring processes that 

occur within the communities. Also addressed in this chapter is an analysis of the origin of 

parasitoids attacking invading oak gall wasps in Northern Europe. The consideration of the 
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above questions are combined into one Chapter because they are all potentially amenable to 

investigation using the same genetic marker and method of analysis. 

In Chapter 5 the evolution of trophic shifts in a parasitoid family is examined. The family 

includes both parasitic entomophagous species, and phytophagous species in the form of gall 

inducers and seed feeders. We currently understand little about switches between these 

alternate feeding strategies. Of particular interest is the ease with which switches occur from 

one trophic niche to another. If such switches are rare it implies that they are difficult to 

evolve, and there are barriers to such changes that we do not yet understand. The existence of 

entomophagous species that also feed on gall tissue implies one possible direction by which 

switches in trophic niche may evolve, however, the actual transition of change remains to be 

demonstrated. 

Chapter 6 provides an investigation into the possible utility of DNA barcoding in oak gall 

wasp communities. Given the various difficulties associated' with rearing oak galls and 

identifying their inhabitants, a standardised method with which to assay gall inhabitants 

would be immensely useful. 
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Chapter 2 

Methods 

2.1 Phylogenetic techniques 

Much of the analysis used in this thesis relies on the use of a molecular phylogenetic 

framework. Chapters 3 and 4 are based on phylogeographic analysis, which requires the 

establishment of phylogenetic components of population structure, and Chapter 5 is an 

investigation into the relationship between European oak gall attacking torymids. Therefore, a 

review of current molecular phylogenetic methods is provided below, with justification for 

the methods applied in this thesis. In addition to building phylogenies, my analyses also 

involve mapping of characters across phylogenies. This latter aspect is discussed in detail in 

Chapter 4. 

2.11 What is molecular phylogenetics? 

Phylogenetics is the establishment of inferred relationships of descent and common ancestry 

between taxa. The true evolutionary history of a group of taxa is usually unknown. 

Phylogenetics is concerned with determining a best estimate. The term originates from the 

Greek words phylon meaning 'tribe', and genesis meaning 'origin'. After acceptance of the 

theory of evolution, it was clear that the establishment of evolutionary relationships between 

organisms was of great importance, both to the development of our understanding of 

evolution and as a tool for addressing other questions of interest within biology. 

Until recently, inferences of evolutionary relationship were limited to the analysis of 

morphological characters. However, the last fifty years has seen the discovery of Deoxyribose 

Nucleic Acid (DNA) as the hereditary material and the adoption of molecular phylogenetic 

techniques. The field of phylogenetics is undergoing rapid development, driven not only by 
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the availability of molecular data, but also by the development of powerful statistical methods 

coupled with the availability of high-powered computing with which to analyse the data. 

The phylogenetic method is based upon the use of hypotheses of homology as a means to 

establish relationships between organisms. A homology in the evolutionary framework is 

defined as a shared derived character (synapomorphy). That is, a character inherited from a 

common ancestor. The idea is that evolutionary history can be reconstructed by tracking 

changes in these characters. In practice, the picture is usually clouded by homoplasy: 

characters appearing alike due to convergent evolution and not because of shared ancestry. 

However, the method works because in theory there should be more characters alike due to 

shared ancestry, than because of independent evolution in related organisms. 

The interpretation of morphological homology can be subjective and can lead to artificial 

groupings. Molecular data is sometimes considered superior since character states can be 

objectively defined (eg A, T, G, C), and are thus more easily comparable across studies by 

different investigators. Molecular data is also relatively easy to obtain, and large data sets can 

be assembled relatively quickly. For these reasons molecular phylogenetics has largely 

replaced studies using morphological data, and is the method utilised in this thesis. Although 

it has a number of benefits over morphological analyses, subjectivity can be introduced into 

molecular phylogenetics and assumptions regarding sequence evolution must be carefully 

considered. Furthermore, morphological phylogenetics can still play an important role, 

especially when used in conjunction with molecular data, or for use with fossil organisms 

where molecular methods are not possible. 

Hypotheses of homology in molecular phylogenetic analyses are determined in a sequence 

alignment, and relationships amongst taxa are inferredon the basis of these homologies. The 

first important assumption in such studies is that the genes under consideration are 

homologous in different species. A second is that the respective sites are homologous to each 

other. Differences in the sequences indicate genetic divergence as a result of molecular 

evolution over time. However, separating homology from analogy in DNA sequences can be 

difficult, since there are only four possible character states at any given position along the 

sequence. A third assumption is that there is independence among characters. That is, a 

change in one character will not affect the likelihood of a change in a neighbouring character. 
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A further assumption of phylogenetics in general, is a bifurcating tree-like model of 

evolution, in which each ancestor gives rise to two daughter lineages. Under this model, for 

any given number of taxa there are [(2n-3)!]/[22(n-2)!]  possible unrooted networks (Cavalli-

Sforza and Edwards 1967), each one of which represents a hypothesis of evolutionary 

relationship. Thus, when n = 10, there are more than thirty-four thousand possible hypotheses 

to choose between, only one of which represents the true relationship between the taxa in 

question. A number of methods have been developed, with which to select from competing 

hypotheses of relationship. The particular method chosen has a substantial effect on the result 

of phylogeny estimation. A brief review of the most popular methods, and a justification of 

those used in this thesis follow. This section is synthesised from an understanding gained 

from multiple sources, both primary literature and textbooks. The following sources were 

particularly important: Felsenstein (1981, 2004), Page & Holmes (1998), Hillis et al (1996), 

Huelsenbeck & Ronquist (2001), Huelsenbeck et a! (2002). 

A key assumption of phylogenetics is that sampled sequences do not include internal nodes 

but only represent tips on the tree. It is however possible for real populations to include both 

ancestral and descendent sequences. Such relationships can be incorporated in network-based 

approaches such as Templeton's nested dade analysis (Templeton 1983, 1998). The statistical 

basis of hypothesis testing in nested dade analysis and other related approaches remains an 

issue of debate, and lacks the objective rigor of Bayesian phylogenetic approaches (see 

below). Thus, having noted the existence of alternative methods, I apply only phylogenetic 

approaches in this thesis. 

2.12 Methods of phylogeny estimation 

Maximum parsimony 

The term parsimony originates from the Latin parcere 'to spare', and is used to express the 

principle of 'Ockham's Razor'. The principle, which is attributed to the 14 '  century 

Franciscan friar and logician William of Ockham, states: Pluralitas non est ponenda sine 

necessitate 'plurality should not by posited without necessity', or put more simply: 'the 

simplest explanation is usually the best'. Ockham's Razor cuts away unnecessary complexity. 

In the context of phylogeny, the most parsimonious tree is that which requires the least 

number of evolutionary gains or losses to explain the data. The use of maximum parsimony as 

a phylogenetic method was adopted during the 1960's (Camin & Sokal 1965, Eck & Dayhoff 
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1966, Edwards & Cavalli-Sforza 1967, Fitch & Margoliash 1967), and was one of the earliest 

attempts at making phylogeny estimation more objective. 

Concerns about the use of maximum parsimony have been raised, since the criterion assumes 

that evolutionary change is improbable a priori (Felsenstein 1973, 1979). It is also evident 

that the evolutionary process does not always proceed in the most parsimonious manner. 

However, despite these discrepancies parsimony has proven a useful means of providing a 

good working estimate of phylogeny, and its proponents claim that its use keeps error lower 

than with methods based on other assumptions. 

More significant problems have become apparent recently, with the replacement of 

morphological data by sequence data as the standard means of inferring phylogeny. Unlike 

morphological adaptations, DNA sequences possess just four possible character states, 

making the potential for homoplasy high. Thus, as the number of changes per sequence 

increases, the potential for homoplastic groupings becomes an increasing problem. Indeed, 

Felsenstein (1978) has shown that the use of maximum parsimony in analyses that contain 

taxa with long-branches can result in misleading results. Furthermore, parsimony is concerned 

solely with minimising the number of evolutionary steps necessary to explain a data set, and 

takes no account of the process of sequence evolution. For example, it ignores the possibility 

of a change at a given site followed by reversion to the original state (a 'multiple hit'), or the 

higher likelihood of a transition than a transversion. 

Over recent years, there has been much progress in understanding the way in which 

substitutions occur, and numerous models have been formulated with which to approximate 

sequence evolution. Proponents of parsimony argue that we should not use models to 

approximate the process of molecular evolution, since our knowledge is incomplete and their 

use clouds the objectivity of an analysis; although parsimony itself is an assumption, it is the 

criterion that requires us to make the least assumptions about the evolutionary process. 

However, although maximum parsimony lacks a set of explicit evolutionary assumptions, it 

clearly contains implicit assumptions. Maximum parsimony is not truly 'model-free', and 

furthermore its use can be positively misleading (Felsenstein 1978). Maximum parsimony can 

be a fast method, and in some cases can provide a reasonable indicator of relationship when 

dealing with molecular data. However, the use of models allows more informed choices 

between hypotheses of relationship to be made, and provides scientists with a means of 

developing their understanding of the underlying mechanisms of sequence evolution. For 
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these reasons, model-based analyses have become more popular, and are used as the basis for 

analysis within this thesis. 

Distance-based methods 

Distance methods differ from other methods of phylogeny estimation in that they do not use 

the sequence alignment directly to construct the tree. Instead, the sequence alignment is 

converted into a matrix of pairwise-distances between sequences. Thus, since a summary of 

the genetic data is used instead of the full range of information present in the alignment, some 

information is- lost. The assumptions of distance-based methods are that the less two 

sequences differ, the more closely they are related, and that as time passes, the more divergent 

two sequences that evolved from a common ancestor will become. Saturation can cause a 

problem for distance methods, since more recent mutations can mask earlier ones if multiple 

hits occur, thus breaking the second assumption. However, models of sequence evolution may 

be applied in order to help correct for this. The most popular distance method is Neighbour-

joining (NJ)(Saitou & Nei 1987), which calculates the divergence of each taxon to every other 

taxon in the data set to produce a distance matrix, from which the closest pair of taxa is 

identified. A new matrix is then calculated with these taxa represented as a single node, and 

the process is repeated until all taxa have been joined. Distance methods usually provide a 

reasonable estimate of relationship and are very fast. Because of this they are frequently used 

as the starting point for other analyses. 

Maximum likelihood 

Unlike maximum parsimony and distance methods, maximum likelihood is a method based 

on statistical inference. It was developed by the geneticist and statistician Sir Ronald A. 

Fischer, but its first application to phylogeny estimation was suggested by Edwards & 

Cavalli-Sforza (1964), and it was only fully developed for nucleotide sequence data with 

Felsenstein' s implementation (1981). 

The likelihood is the probability of the data given the hypothesis: P(DIH). In other words, it is 

the probability that a certain hypothesis confers upon the data. When considering likelihood, 

it is important to understand that a hypothesis can confer high likelihood on the data, but may 

be highly improbable itself. That is, the probability of getting the observed data given a 

certain hypothesis may be very high, but the actual probability of the hypothesis can be low. 
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In the case of phylogenetics, the data is the sequence alignment, and the hypothesis is the tree 

and model of sequence evolution. Thus, the maximum likelihood method seeks to find the 

tree whose topology maximises the probability of observing the information in the sequence 

alignment, under a certain model of sequence evolution. The data are fixed, but we can 

modify the hypothesis to observe the effect this has upon the probability of the data, and thus 

seek out the hypothesis that maximises the probability of achieving the observed sequence 

alignment. In practice, the likelihood is taken as a function of the hypothesis (the tree) as 

opposed to a function of the data, and is usually expressed in terms of log likelihood because 

the numbers involved in likelihood calculation are so small that computers have problems 

handling them. Maximum likelihood estimation generally proceeds as follows: 

Construction of a particular unrooted network for n taxa 

Arbitrary rooting 

Calculation of the likelihood for each site for that tree 

Calculation of the sum of site likelihoods to find the likelihood of the entire tree 

Search for trees with a higher likelihood 

A new tree is either constructed by joining the taxa in the alignment according to some 

specific algorithm, or an initial tree is constructed using an alternative faster method such as 

neighbour-joining or sometimes parsimony. This provides an initial estimate for the 

maximum likelihood process to improve upon. The tree is rooted, but the specific location of 

the root does not change the likelihood of the tree, as described by Felsenstein' s Pulley 

principle (Felsenstein 1981). 

Due to the assumption of the independence of sites, it is possible to calculate the probability 

of a given data set on a particular tree site by site, with the product calculated at the end. In 

this way, the joint probability of observing all site patterns is the product of the individual site 

patterns. For a given topology the likelihood is thus: - 

N 

LN = L 
i= 1 

Where, 
N = the number of sites in an alignment 

= each site i 
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However, computation of the likelihood of a particular topology for a given site is not 

straightforward. The calculation consists of the sum of the probabilities of every possible 

reconstruction of ancestral states along each branch of the particular tree (given a certain 

model of base substitution) that would give rise to the observed pattern in the alignment for 

that site. For n taxa, there are n-i internal nodes (branching points in the tree), each of which 

can have one of four states for DNA sequence data. Thus, it is necessary to calculate 4fl1 

terms per site for the sum over all possible assignments of bases to nodes on a tree 

(Felsenstein 1981). This number of calculations quickly becomes intractable. For instance, for 

an alignment consisting of 30 taxa and 500 nucleotide sites, calculation of 8.6x10 18  terms 

would be necessary for a single given topology and set of branch lengths, and adjustment of a 

single branch length would require recalculation of them all. Fortunately, the probability 

summation can be rearranged into another form; that of Felsenstein's "pruning" algorithm 

(Felsenstein 1973, 1981), which makes use of the conditional likelihood of a subtree (a 

subtree being a subsection of another tree). Using this algorithm, the likelihood of a tree for a 

particular site under consideration is given by: 

Li 	tLo()(s 
x 

Where, 
each site i 

x = a node on a tree, for site i 
s = the state (base) at a node 

= the prior probabilities of finding each of the four bases at point x on the tree 

Since an evolutionary steady state in base composition is assumed, the prior probabilities of 

finding each of the four bases at point x on the tree reflects the overall base composition in the 

group under study. The conditional likelihood of a subtree can be represented by the 

following term: L ()(s). It is the probability of everything that is observed from node x on the 

tree upwards, given that node x has condition s. There are always four of these quantities, 

corresponding to the four different possible values of s. The basis of the pruning algorithm is 

that once these values have been computed, it is not necessary to compute them again. Under 

the algorithm, a set of four Lx(i)(s) are calculated for each tip, and progress is made down the 

tree, until the bottom node (0) is reached. In this way, the four conditional likelihoods given 

the possible states of each site at point x are computed, thus substantially cutting down on the 

number of calculations necessary. 
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Ideally, the likelihood would be maximised over all possible evolutionary trees, and the tree 

with the highest likelihood selected as the best representation of the relationship between the 

taxa. However, exhaustive searches are impractical in most cases due to limited processing 

power, and some form of heuristic searching is employed instead. To understand the rationale 

of tree searches it is easiest to visualise the surface of the distribution of possible trees as a 

landscape in which trees occupy a certain height in proportion to their likelihood. Trees of 

high likelihood form 'hills', whilst those of low likelihood form 'valleys'. The tree occupying 

the apex of the highest hill represents the tree that maximises the likelihood of the data and 

trees lying closer together on the surface are more similar. A heuristic tree search moves 

around the landscape of trees by starting with an initial tree, usually an existing estimate of 

phylogeny generated by a relatively fast method such as neighbour-joining or parsimony, and 

then adjusting it and recalculating the likelihood. Changes are usually only accepted if they 

result in an increase in log likelihood. 'Nice' landscapes are hill-shaped and every search 

quickly converges upwards to the global optimum. 'Bad' landscapes look like a wide flat 

plain that contain one or more narrow spikes of different heights. In this case a heuristic 

search must move across the plain in order to find the single highest spike. 

Maximum likelihood is known to be consistent under a large range of circumstances. In 

addition, calculation of the likelihood provides a measure of fit between the data and model 

with which alternatives can be quantified, and a range of evolutionary hypotheses 

investigated. However, the pruning algorithm is computationally demanding, and analyses 

can be prohibitively slow even on powerful machines. 

Bayesian inference 

Bayesian inference is one of the oldest forms of statistical inference, dating to the 18 'h  

century. It is based on Bayes' theorem (Bayes 1763), named after the British mathematician 

and Presbyterian minister, the Reverend Thomas Bayes. The theorem is a result in probability 

theory, which gives the conditional probability distribution of a random variable A given B 

(the posterior), in terms of the conditional probability distribution of variable B given A (the 

likelihood) and the marginal probability distribution of A alone (the prior). In essence, the 

theorem states that a hypothesis is confirmed by a body of data if the existence of that data 

implies that truth in the hypothesis is probable. 
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Bayes theorem: 

P(H0ID) 
P(DIH0) P(Ho) 

P(D) 

Where, 
H0 = a hypothesis, either new or induced from a preceding set of observations 
D = the data 

Thus, 
P(DIH0) = the conditional probability of observing D, given that the hypothesis H0 is true (As a 
function of H0 given D, it is called the likelihood function). 
P(HO) = the prior probability of Ho 
P(D) = the marginal probability of D. It is a normalising constant and can be calculated as the 
sum of all mutually exclusive hypotheses: P(DI H 1)P(H 1) 
P(I-101D) = the posterior probability of H0 given D 

Bayesian inference was proposed as a method of phylogeny estimation relatively recently (Li 

1996, Mau 1996, Rannala & Yang 1996). The posterior probability of the ith tree is defined 

as: 

f(XFr,) f(t t) 
B(s) 

J=1 
ft:x1  ) fi: t,) 

Where, 
X = an alignment of DNA sequences 
Ti = the posterior probability of the ith phylogenetic tree 

(After Huelsenbeck & Ronquist 200 1) 

Bayesian inference is similar to maximum likelihood in that it is a method of statistical 

inference, and makes use of the likelihood function. However, it differs in several key ways. 

Firstly, it sets out the problem of finding the optimum tree in a more logical framework, by 

seeking to find the tree that maximises the probability of the data, as opposed to vice versa. A 

more significant difference is the use of the prior. The use of priors in statistical inference is a 

contentious issue, and application of a prior probability distribution on trees can be viewed as 

either a strength or weakness of the method. A prior is based on belief, and as such its validity 

cannot be tested statistically. Statisticians are divided between those who support the use of 

degrees of belief as a statistical practice (Bayesians), and those who believe that statistical 

procedures only make sense when one uses the relative frequency concept (frequentists). With 

respect to phylogenetics, maximum likelihood represents the frequentist viewpoint, and 

Bayesian inference that of the Bayesian. The choice between frequentist and Bayesian 
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approaches is a philosophical issue; is it right to specify prior beliefs, or is it better to ignore 

background knowledge? On the one hand, the use of priors allows an investigator to 

incorporate their prior knowledge about the phylogeny of a group in an analysis. However, in 

the absence of strong beliefs care must be taken, as under certain circumstances it is possible 

for the prior to have more influence over the posterior than the data (Huelsenbeck et al 2002). 

The usual solution to the allocation of priors is to assume that all possible trees are equally 

likely, unless there is strong evidence to the contrary, and assign 'flat-priors', which place an 

equal probability on all possible values within a given range likely to contain the true value, 

to all model parameters. A further key difference is the use of Markov Chain Monte Carlo 

(MCMC) (Metropolis et al 1953, Hastings 1970) or 'random walk' methods, which are used to 

sample from an approximation of the posterior probability distribution. 

As with maximum likelihood, the tree on its own does not provide enough information to 

allow calculation of the likelihood. A substitution model is specified to describe how the 

characters evolve on the tree, as well as information on the value of parameters and branch 

lengths on the tree. Calculation of posterior probabilities require a summation over all B(s) 

trees that are possible for s taxa, in addition to the integration over all combinations of branch 

lengths and substitution-model parameters necessary to determine the likelihood for each tree. 

These summations and integrals cannot be evaluated analytically (Huelsenbeck & Ronquist 

2001, Huelsenbeck et al 2002), presenting a problem for the implementation of Bayesian 

inference. A solution to this problem is the use of MCMC methods. These are currently the 

only numerical methods that can approximate the posterior probability of trees. MCMC 

algorithms take steps (known as generations) of varying length, taking a different direction 

after each step. They always go uphill if the option is available, and only go downhill if the 

height difference is small. In this way, they visit points in proportion to their height, (posterior 

probability density). If run for long enough, a MCMC chain is guaranteed to visit tree 

topologies and parameter values in proportion to their posterior probabilities (or probability 

densities). Thus, to approximate the volume under a surface in the likelihood landscape, all 

that is necessary is to count the number of steps that fall within the area and divide by the 

total number of steps taken. The first few steps when the algorithii is not walking very close 

to the global likelihood maximum (which equates to the centre of the probability distribution) 

are known as the 'burnin' and are discarded, and the longer the algorithm is allowed to walk 

the better the approximation is. The usual procedure is to begin with a random tree, evaluate 

its posterior density according to the model specified, make a change, and evaluate the new 

tree. If the change results in an uphill move on the likelihood surface it is automatically 
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accepted. If not, it is accepted or rejected depending on the ratio of the two posterior densities, 

with the density corresponding to the proposed change on top. If only going downhill slightly 

this ratio will be close to one and the change will often be accepted. Every so many 

generations the current tree and its likelihood are recorded, and then summarised (minus the 

burnin) at the end of the analysis. These trees are usually summarised in a consensus tree 

(either strict or majority rule). The MCMC approach allows all model parameters to be 

effectively integrated out to obtain the posterior probability of just one parameter, the tree 

topology. 

Standard MCMC can be prone to entrapment in local optima, with resultant poor 'mixing' of 

the chain. Mixing refers to the ability of the chain to explore the posterior distribution. Poor 

mixing means that a parameter did not vary much from its starting value, so the MCMC did 

not do a good job of marginalizing over that particular parameter. Poor mixing of the chain 

can result from not taking steps of the appropriate size, or from the presence of isolated 

'peaks' in the posterior density surface. In the case of isolated peaks it is possible for the 

chain to become stuck on one of these and never visit other peaks. Whenever the chain takes a 

step to get off the peak, it lands in the valley between peaks, and such proposals are always 

rejected because the posterior is much lower in the valleys. Metropolis Coupled MCMC 

((MC)3 ) is a variant of MCMC that allows multiple peaks in the landscape of trees to be more 

readily explored, reducing the likelihood of poor mixing. It is analogous to certain heuristic 

searching algorithms employed in maximum likelihood tree searches. It uses several 'heated' 

chains in addition to the 'cold' chain. The posterior density of the current location of the cold 

chain, which is the only chain used for the summary statistics, is always raised to the power 1. 

The posterior of the heated chain is raised to a power between 0 and 1. If a chains power were 

0 the chain would be exploring a completely flat terrain (since any value raised to the power 0 

equals 1). A heated chain therefore sees the landscape of trees as flattened relative to the 

'cold' chain, and can cross valleys more readily. After all the chains each take a step, two 

chains are chosen at random to attempt a swap. A swap of two chains is successful if the 

difference in their heights is not too great. The heated chains thus act as scouts to identify 

peaks for the cold chain. 

The downside to using heated chains is that each additional heated chain effectively doubles 

the time required to complete a given number of steps. The use of heated chains can increase 

the execution time of a run considerably, since each iteration within a chain involves the 

calculation of a potentially expensive likelihood function. Thus, it is necessary to balance the 
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need for heated chains to avoid poor mixing, with the need to run the cold chain as long as 

possible. However, since analyses based on the MCMC algorithm are computationally more 

efficient than the standard methods of establishing support using maximum likelihood, the 

total time taken is usually considerably less than with these methods. This also makes it 

possible to analyse more complex and realistic evolutionary models using Bayesian inference. 

One problem with the MCMC process is that it can be difficult to decide whether the chain 

has been run for long enough to converge upon its stable distribution. However, multiple 

independent runs will often show conspicuous differences if the chains have not been run long 

enough, and comparisons between the standard deviation of dade support values between 

different runs give a good indication of convergence. Due to the power of the MCMC 

approach, the logical support statistics discussed below, and the significant time savings that 

can be gained by using Bayesian inference, this is the method of choice employed in this 

thesis. 

2.13 Which model of sequence evolution? 

As stated above, maximum likelihood and Bayesian approaches to phylogeny estimation are 

based on statistical inference. In order to draw inferences such methods require that a 

probabilistic model of sequence evolution be specified. It could be argued that modelling 

sequence evolution for the purpose of phylogeny estimation is circular, since only with good 

estimates of phylogeny will it be possible to fully understand the process of sequence 

evolution itself. However, it is difficult to envisage an alternative solution to the problem, and 

such an approach appears to be the only means by which understanding can currently 

advance. Hennig (1966) referred to the situation as "reciprocal illumination", since a good 

estimate of phylogeny is relevant to the development of good models, and improving models 

will lead to better trees. 

A large number of models of sequence evolution have been proposed. They all provide a 

means of modelling the evolutionary process of nucleotide substitution, but differ in their 

complexity and in the assumptions implied by their usage. Generally, increasing the number 

of parameters in a model will improve its fit to a particular data set. However, the addition of 

extra parameters increases the variance around the estimate, since each individual parameter 

must be estimated and is subject to error itself. Therefore, a model complex enough to explain 

the data, but no more so is generally advocated. In addition, complex models are more 
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computationally difficult and so their usage increases the computing time required for an 

analysis. 

Models of sequence evolution generally consist of two parts, one that estimates composition 

and one that estimates process. The composition part of the model estimates the proportion of 

the four nucleotides present in the sequences. For instance, all nucleotides present in equal 

proportions, or perhaps double the amount of adenines and thymines, than cytosines and 

guanines. The process part of the model estimates the probability with which the nucleotides 

change from one to another. For example all substitutions equally likely, or alternatively 

transitions more probable than transversions. A brief overview of the most commonly used 

models of sequence evolution follows. 

Models of DNA sequence evolution 

The Jukes-Cantor model (1969) is the simplest model of DNA evolution. The model assumes 

that all nucleotides are present in equal frequencies and that all possible nucleotide 

substitutions occur at equal rates. 

Kimura' s two-parameter model (1980) is similar to the Jukes-Cantor model, but allows the 

rate of transitions and transversions to vary. 

Models such as the Felsenstein 1984 (1989), Hasegawa-Kishino-Yano (1985) and Tamura-

Nei (1993) model relax the assumption that the bases have equal expected frequencies and 

allow the transition-transversion ratio to vary. 

The general time-reversible model (Lanave et al 1984, Rodriguez et al 1990) represents the 

most complex model type commonly used. It relaxes the assumption that bases have equal 

expected frequencies and allows all possible substitutions to occur at their own rate. 

The existence of a range of models is necessary, since different genomic regions evolve under 

different selective pressures and constraints. Therefore, a model that provides a good degree 

of fit to one data set might not be appropriate for another. Phylogenetic model selection is a 

rapidly developing field, and choice of which method of model selection is best is a 

contentious issue. Model selection is of importance, since the model influences the results of 

an analysis, and so use of the wrong model can result in an incorrect inference of phylogeny. 
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An overview of the most commonly used methods of model selection in phylogenetics is 

given below. 

The likelihood ratio test 

One of the most common means of selecting between models is by use of the likelihood ratio 

test (LRT). The LRT examines the goodness of fit of the observed data to the predictions of 

one model in comparison to the goodness of fit under an alternative model. This is usually 

achieved using the improvement in log-likelihood that the alternative model affords. The 

likelihood ratio (LR) is defined as: 

= 2-log A 

where, 
A 	max [L  (null model I data)] 

max [L 1  (alternative model I data)] 

or expressed in terms of log likelihood and as usually tested, 

LR = -2(LogI-Log2) 

When the addition of extra parameters significantly improves the likelihood, the more 

complex model is favoured. However, due to its statistical framework, the LRT is only 

applicable when the models being examined are nested. That is, when the null hypothesis is a 

special case of the alternative hypothesis. 

The LRT is most commonly implemented as a hierarchical LRT (hLRT). Firstly, a tree is 

estimated from the data. It has been shown that the tree has little influence on the final model 

selected (Posada & Crandall 2001) so a fast method of tree construction such as NJ is usually 

used. The likelihoods of the candidate models are then calculated for the given data set and 

tree and compared in a hierarchy of LRTs, with the best-fit model among the candidates 

selected. In practice, the implementation of hLRTs is usually accomplished using the 

computer program Modeltest (Posada & Crandall 1998). 

Information criteria 

Information criteria compare all competing models at a time, instead of just comparing two 

models as is done in the LRT. Each model is penalized by a function of the number of 
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parameters in the model. Two commonly used examples are the Akaike Information Criterion 

(AIC) (Akaike 1974), and the Bayesian Information Criterion (BIC) (Schwarz 1974). 

The AIC measures the expected distance between the true model and the estimated model, 

taking into account the goodness of fit and the variance of the parameter estimates. It is 

defined as: 

AICi = -2 loge Li +2 Ni 
Ni = the number of free parameters in the ith model 
Li = the maximum likelihood value of the data under the ith model 

The smaller the AIC the better the fit of the model to the data. Unlike the LRT it can be used 

to compare non-nested models. The AIC is also most commonly implemented in Modeltest. 

The BIC measures the relative support that the data gives to different models. It is defined as: 

BICi=-210ge Li + Ni loge n 
n = sample size (sequence length) 

As with the AIC, the smaller the BIC, the better the fit of the model to the data. It can also be 

used to compare non-nested models. 

Bayes factors 

Bayes factors are an alternative to classical hypothesis testing, and represent the Bayesian 

analogue of LRTs. The Bayes factor is simply the ratio of the marginal likelihoods of the two 

models being compared. Since the marginal likelihood of a model is difficult to calculate, it is 

usually estimated using the harmonic mean of the likelihood values of an MCMC sample 

(Newton & Raftery 1994). The evidence provided by the data for two competing models i and 

j is contrasted as: 

Bij= P(DIMi) 
P(DIMj) 

In practice the difference between the two logarithms of the harmonic means are usually 

compared using the recommendations developed by Kass and Raftery (Kass & Raftery 1995, 

Raftery 1996), where evidence for Mi is considered very strong if Bij>1 50, strong if 12< Bij 

<150, positive if 3< Bij <12, barely worth mentioning if 1< Bij <3, and negative if Bij <1. 
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Bayes factors provide a convenient way of comparing models via the Bayesian approach. 

They also do not require the models compared to be nested. However, the use of Bayes 

factors for model selection in phylogenetics is a new technique (Nylander et al 2004), and 

requires refinement. Bayes factors usually give very high support for the more parameter rich 

models used in phylogenetic analyses (Nylander personal corn), and it may be problematic to 

rely solely on their use for model choice (see also Irestedt et al 2004). 

In this thesis the hLRT was the method chosen for model selection. It is perhaps the most 

commonly used method in the literature, and has a well-grounded theoretical basis. However, 

in a recent review of methods of model selection Posada & Buckley (2004) argue that the 

LRT is not the most optimal method, suggesting instead the use of AIC and Bayesian 

methods. It is clear that the field of model selection is progressing rapidly and further changes 

in methodology are likely in the future. 

Site rate heterogeneity 

The models of sequence evolution described above assume that all sites evolve at the same 

rate. However, certain sites within an alignment frequently display a faster rate of substitution 

than others. The reason for this difference appears to be different selective constraints acting 

on different sites due to the functional and or structural requirements of the gene in question 

(Yang 1996). Models that incorporate variation in rates across sites can result in a much better 

fit with the data (Yang 1993, Sullivan & Swofford 1997). Furthermore, it has been found that 

violation of the assumption of equal rates can have severe consequences for the results of a 

phylogenetic analysis (Yang 1994, 1996, Gaut & Lewis 1995, Lockhart et al 1996). 

Therefore, rate heterogeneity is often incorporated into substitution models. 

The standard approach to characterizing among-site rate variation is to use the gamma 

distribution to approximate rates at sites (Yang 1993). A certain site is assumed to have an 

unknown rate determined by its position in the molecule, and the rate of each site is assumed 

constant across evolutionary lineages. Each site has a certain probability of evolving at any 

rate contained within a gamma distribution with shape parameter a. When a equals infinity 

all rates are equal, however, most empirical estimates of the shape parameter fall in the range 

of 0.1-0.5 indicating substantial rate variation among sites (Huelsenbeck & Crandall 1997). 

The distribution is usually broken down into several discrete rate categories instead of being 
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implemented in continuous form, for computational ease. Yang (1994) found that four rate 

categories are usually a good compromise, and this is the default number used in most 

applications. The likelihood for a given site is obtained by summing over rate categories the 

likelihoods of the site at each given rate, weighted by the probability that the site is drawn 

from each category. A rate is assigned to each site and this estimate is then improved over 

time. 

The invariable sites model (Palumbi 1989) is also often used. This model assumes that some 

sites are incapable of accepting substitutions, perhaps due to strong functional constraint, and 

the remaining sites all vary at the same rate. The invariable sites and gamma model are often 

used in combination to describe the rate distribution observed at a certain locus. 

If some a priori knowledge exists relevant to the assignment of rates within a locus, this can 

also be incorporated within a model. For instance, given what we know about the genetic 

code, for protein coding genes sites may be assigned to categories based on codon position 

and the rate estimated for each category separately. Alternatively, when dealing with 

ribosomal RNA genes, sites may be assigned to different rate categories depending on 

whether they are in stem or loop regions. Although this approach assumes that all the sites 

within a category have the same rate, it can provide a better fit and may be more likely to lead 

to more accurate estimation of phylogenetic relationships (Goldman & Yang 1994). 

2.14 Support statistics 

A crucial question when dealing with estimates of phylogeny is the degree of confidence we 

can have that the results of our analysis are in some sense real, and not just the product of 

chance. 

The most popular means of determining support for estimates of phylogeny derived from 

maximum likelihood is non-parametric bootstrapping (Felsenstein 1985), which is a test of 

the internal consistency of the data. The term bootstrapping is borrowed from parametric 

statistics and means 'sampling with replacement'. It originates from the story of Baron von 

Munchausen, who pulled himself out of a swamp with the aid of his own bootlaces. Sites 

within an alignment are randomly sampled with replacement to construct a pseudoreplicate 

data set of the same size as the original, and the best tree for this data is found. This process is 

repeated n number of times (usually 100 or 1000) and the degree of conflict between the 
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resultant trees is assessed by use of a consensus tree. Clades are only considered well 

supported if they are present in 70% or more of the pseudoreplicates (Hillis & Bull 1993). 

The main problem with bootstrapping is that it requires that all the characters in the original 

data matrix should represent a random sample of all possible characters. Unless the characters 

in the data set accurately reflect the larger distribution of all possible characters, bootstrap 

support will not provide good estimates. However, the characters in an alignment are linked 

as a series from a certain locus. Furthermore, real data sets are never sufficiently large to meet 

the statistical requirements of the bootstrap, and as a result only approximate confidence 

levels can be produced. As such, bootstrap values may be considered approximate guides to 

the support of the data to certain clades, but at worst their usage could be considered to lack 

any real justification. 

The most frequently used method of summarising support for Bayesian analyses is by use of 

the posterior probability found for each dade. As mentioned above, during MCMC trees are 

sampled at fixed intervals and the posterior probability of a tree is approximated as the 

proportion of time that the chains visited it. A consensus tree can be obtained from these 

sampled trees and the Bayesian posterior probabilities of individual clades can be viewed as 

dade credibility values. The posterior probabilities of individual clades are known as split 

probabilities. Split posterior probabilities are analogous to bootstrap proportions, however, 

they are a much more natural measure of nodal support. Bootstrap proportions are not 

interpretable as the probability that a split is in the true tree, but this is the exact meaning of a 

posterior probability. Bootstrap values and posterior probabilities are commonly provided 

together in phylogenetic studies. However, Douady et al (2003) warn against a direct 

comparison of the two. Bootstrapping examines the range of variation expected if a different 

set of nucleotides were sampled from the same distribution, whereas split posterior 

probabilities examine the probability that a dade is present in the true tree, given the data 

observed. As such they provide answers to different, but related, questions. 

Bayesian support values are higher than those usually obtained for bootstrapping (Wilcox et 

al 2002, Douady et al 2003). Non-parametric bootstrap proportions represent highly 

conservative estimations of phylogenetic accuracy (Hillis & Bull 1993). Wilcox et al (2000) 

found that the higher levels of support derived from posterior probabilities are appropriate and 

indeed much closer to the estimates of phylogenetic accuracy, even though they found them 

to be still somewhat conservative. Furthermore, determination of Bayesian support is usually 

much faster than determining support using bootstrapping. Douady et a! (2003) found that a 
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standard Bayesian search was sixty times faster than a single bootstrap replication using a 

1.8Ghz Pentium 4 computer with simultaneous estimation of all parameters. Since Bayesian 

inference is the method of choice in this thesis, support values given alongside clades are as 

Bayesian posterior probabilities unless stated otherwise. 

2.2 Choice of molecular marker 

A mixture of mitochondrial DNA (mtDNA) and nuclear markers represents an ideal means by 

which to investigate the questions outlined in this thesis. Allele frequency data for multiple 

nuclear markers permit high-resolution analyses of demographic impacts on genotype 

variation. This approach often allows a far more detailed examination of population 

substructure than is possible with mtDNA alone. Furthermore, nuclear markers help to 

corroborate the relationships inferred by mtDNA data and rule out the action of various 

processes that can obscure the true signal (see below). For these reasons allozyme and 

microsatellite data were sought for use in this thesis. However, the attempts made to generate 

sufficient informative data using these markers were unsuccessful (see Appendix 1). In 

addition, the Internal Transcribe Spacer (ITS) regions of the ribosomal rDNA array and the 

long-wavelength opsin gene were also targeted unsuccessfully (Appendix 1). Ultimately 

resources of time and money limited the further search for nuclear markers. Therefore, 

interpretation of patterns derived from mtDNA analyses is structured in such a way to avoid 

artifacts that can be associated with its usage (see below). 

For the reasons outlined above, this thesis relies heavily on the use of mtDNA. Chapters 3 and 

4 are concerned with the establishment of between population relationships in order to make 

inferences about the phylogeographic history of species. A further reason for the use of 

mtDNA in these chapters is so that work on parasitoids will be directly comparable to what 

has been done already for the gall wasp hosts. In chapter 5, mtDNA is used as a marker with 

which to infer species relationships, and chapter 6 examines the utility of mtDNA as a tool for 

the barcoding of oak gall wasp communities. This section discusses the rational behind the 

use of mtDNA as a genetic marker, and examines possible problems associated with it. 

There is a long history of the use of mtDNA in studies of population genetics, 

phylogeography and phylogenetics (Brown & Vinograd 1974, Avise et a! 1979, Avise 1987, 

Harrison 1989, Simon et al 1994, Loxdale & Lushai 1998, Caterino et al 2000). This 

popularity is as a result of several characteristics that make mtDNA a useful marker, and these 
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are now discussed in turn. Transmission of the mitochondria occurs solely through the 

cytoplasm of the maternal egg. Therefore, mtDNA is maternally inherited and undergoes no, 

or very little recombination (for a discussion of mtDNA recombination see Wallis 1999, 

Rokas et al 2003b, Kraytsberg et al 2004). Lack of recombination means that mtDNA 

haplotypes have a linear evolutionary history, and can be traced back through time easily. The 

effective population size of mitochondria is approximately one quarter that of a nUclear 

autosomal gene, owing to the fact that the mitochondrial genome is haploid and maternally 

inherited. Furthermore, in comparison to most nuclear genes, mtDNA has a high mutation 

rate. Thus, mtDNA is useful for investigation of the pattern of relatively recent events. There 

are also several practical advantages associated with the use of mtDNA that can save 

considerable amounts of both time and money. Since the mitochondrial genome is haploid, 

there is no need to clone individual alleles in order to avoid the presence of 'multiple peaks' 

in sequencing results. The mitochondrial genome is present in high copy numbers and as a 

result, yields of mtDNA are typically high during DNA extraction and the use of old or 

damaged specimens is more likely to produce useful DNA. There is also an abundance of well 

conserved primers available, facilitating the likelihood of trouble free amplification during 

PCR. However, despite these benefits there are issues involved in the use of mtDNA that 

must be taken into consideration. 

Firtly, when using gene trees to infer species trees, the terminal taxa are in effect different 

alleles of the gene in question. When using molecular phylogenetics, the hope is that the gene 

tree will provide a good estimate of the phylogenetic history of the species under 

investigation. However, this is will not necessarily always be the case. Certain processes can 

result in gene trees being discordant with species trees. This issue is not limited to the use of 

mtDNA. However, it does depend to some extent upon choice of the marker used. The factors 

that can result in mtDNA trees being discordant with species trees are reviewed below. 

Lineage sorting 

This term refers to the process whereby the relationship between gene and species or 

population trees becomes distorted as a result of the stochastic sorting of genealogical 

lineages within a species or population. If the locus under consideration was polymorphic in 

the ancestor to a group of taxa, it is possible that incongruence between a gene tree and a tree 

for that group of taxa might arise as a result of sorting of this polymorphism and lineage 
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extinction (Neigel & Avise 1986, Nei 1987, Wu 1991, Doyle 1992). This process is illustrated 

below in Figure 2.1. 

abc 	de 	g h i 
1 	 2 	 3 

Figure 2.1 Three taxa (1,2,3) containing several different lineages (a-i) 

derived from ancestral polymorphism. As a result of a short internode 

and long coalescence times, taxon 2 could be inferred to be more closely 

related to taxon I or taxon 3, depending on which lineages were 

sampled. 

Given long coalescence times and a relatively short internode between bifurcations, the 

probability of incongruence can be quite high (Nei 1987, Pamilo & Nei 1988, Wu 1991). 

Thus, it is important to be aware of this issue when using sequence data to infer species trees, 

and several authors have concluded that it is best to infer species trees from several 

independent gene trees (Pamilo & Nei 1988, Wu 1991). The problem with the sole usage of 

mtDNA is that because it is inherited as a single linkage group, it does not provide 

independent estimates of a species tree. However, Moore (1995) argues that since coalescence 

time is directly related to effective population size and this is low for mtDNA, mtDNA trees 

have a substantially greater chance of tracking the species tree correctly in comparison to 

nuclear autosomal DNA. He calculates that when the internode is so short that inference 

based on mtDNA is in doubt, a prohibitively large number of independent nuclear-gene trees 

would be necessary to improve confidence in the inferred species tree. 
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Pseudo genes 

Nuclear copies of mtDNA have been discovered in over 64 animal species (Bensasson et al 

2001). PCR primers sometimes amplify these nuclear mitochondrial pseudogenes (Numts) in 

addition to, or in preference to the real mtDNA region of interest (Collura & Stewart 1995, 

Sorenson & Quinn 1998). If this goes undetected, it may result in the incorrect inference of 

relationship. However, such problems are not related to the use of mtDNA alone. Gene 

duplication of nuclear genes occurs (Ohno 1970, Taylor & Raes 2004), and can similarly 

result in mistaken orthology. Due to the existence of numts and following the 

recommendations of Zhang & Hewitt (1996) sequences should be checked for unexpected 

deletions/insertions, stop codons, and frameshifts. Unusual results should be treated with 

caution, and PCRs should be checked by gel analysis to investigate the possible presence of 

more than one band. In most instances these precautions should be enough to prevent 

paralogous gene comparisons being made. 

Intro gression 

Introgression describes the process in which the genes of one species or population infiltrate 

the gene pool of another. This can occur with mtDNA, whereby the mitochondrial haplotype 

of one species or population is found in an individual with nuclear markers from another 

(Powell 1983, Harrison et al 1987, Lehman & Wayne 1991). A classic case is that of Mus 

musculus and M. domesticus (Ferris et al 1983) where mtDNA of one species was found in 

the second, in an area far from the known contact zone. This has obvious implications for 

estimation of the species or gene tree, and Nei (1987 p286) states: "once it occurs, the 

phylogenetic relationship of mtDNAs will be quite different from the phylogenetic tree of the 

species involved". Although the occurrence of introgression cannot be identified on the basis 

of mtDNA alone, since it requires comparison to the distribution of nuclear genes, indication 

that it might have occurred is possible. For instance, Rokas et al (2003b) identified possible 

evidence of introgression between gall wasp species when they uncovered polyphyly of 

species and clustering of related species within refugia for phylogenies constructed with 

partial cytochrome b haplotypes. However, for within population studies as implemented in 

this thesis, it is perhaps unlikely that introgression will be a significant source of error, since 

gene flow between refugial populations is likely to be limited. It is more likely that 

introgression could mask the origins of parasitoids within northern Europe, where range-

expansion from several refugia may have occurred. Nevertheless no evidence of within 
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species introgression was encountered for the gall wasp hosts using a combination of mtDNA 

and nuclear markers. 

Endosymbionts 

The presence of endosymbiotic bacteria in parasitoid populations is a further means by which 

mtDNA gene trees could potentially be incongruent with population trees. Infection by an 

endosymbiont can reduce mtDNA diversity through the action of a selective sweep of the 

mitochondrial genome associated with the infected individual. The best-known 

endosymbionts that cause selective sweeps on host mtDNA are probably male killing and 

cytoplasmic incompatibility causing Wolbachia. During a selective sweep imposed by an 

endosymbiont, nuclear diversity is preserved since uninfected males are able to mate with 

infected females, but due to the maternal inheritance of mitochondria, mtDNA diversity is 

reduced. Thus, substructure evident in mtDNA can be erased, giving the impression of an 

alternative history. Due to this, Hurst & Jiggins (2005) conclude in a recent paper that 

symbionts are common enough to make it unsafe to infer patterns of genome history based on 

mtDNA sequence data alone, and it was for this reason nuclear markers were targeted in 

addition to mtDNA in this thesis (see above and Appendix 1). Although informative data for 

nuclear markers were ultimately not obtained, interpretations are restricted to patterns 

unlikely to be compatible with symbiont-generated artifacts in this thesis. Furthermore, an 

important point is that not all Wolbachia and other symbionts cause selective sweeps, so 

detection of Wolbachia alone does not imply that a selective sweep has occurred. A sensible 

precaution is thus to screen target species for Wolbacchia. If absent a selective sweep by this 

endosymbiont can be excluded, and if present it is still necessary to show presence of a single 

Wolbachia strain (see Chapter 3 for M. stigmatizans). 

2.3 Laboratory techniques 

Here I briefly summarise the field and laboratory techniques that were applied in generation 

of the data included in this thesis. 

Specimen collection 

Galls were collected during the following periods of fieldwork: Hungary, Austria, Germany, 

& the Netherlands (October 2001), Spain & France (August 2002), Iran (November 2002), 
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UK (February 2003), Northern Italy, Austria, & Hungary (February 2003), Southern Italy 

(August 2003). In addition, other specimens were available that had been collected on trips 

undertaken by other members of the gall wasp research group. 

Rearing 

Galls were placed in either individual or mass rearings. Emerging adults were preserved either 

in 99% ethanol and stored at 4°C, or frozen and stored at -80°C until DNA extraction or 

allozyme screening. 

Identification of specimens 

Many of the specimens used in this study had been previously identified by Dr RR Askew 

(University of Manchester, retired), or by Dr C Thuroczy or Dr G Melika (Systematic 

Parasitoid Laboratory, Korzeg, Hungary). However, all specimens were identified again by 

the author previous to usage. The main key used to determine specimen identification was 

Askew & Thuroczy (2005). However, difficult torymid specimens were often identified using 

Graham & Gijswijt (1998). 

DNA extraction 

DNA was extracted from single adult females using either the DNAeasy Tissue kit (Qiagen 

cat. 69504), following the manufacturer's protocol for insect DNA extraction, or with 5% 

Chelex solution. Chelex resin beads are composed of a styrene divinylbenzene copolymer 

containing paired iminodiacetate ions, which act as chelating groups for polyvalent metal ions. It 

has been suggested that the presence of Chelex prevents the degradation of DNA by chelating 

metal ions that may catalyze the breakdown of DNA (Singer-Sam et al 1989, Walsh et al 

1991). When the DNAeasy kit was used, the whole wasp was macerated during extraction. 

However, when using chelex, typically just the rear leg or several legs were used so that the 

rest of the specimen could be preserved. This method is useful in case molecular work for a 

certain specimen gives an unusual result, and re-examination of morphological characteristics 

is desirable. An additional advantage is that much tissue remains in case further DNA 

extraction is required in the future. 

Polymerase Chain Reaction (PCR) 



Chapter 2. Methods 	 45 

A 433 base pair (bp) fragment of the mitochondrial cytochrome b (cytb) gene was amplified 

in two parasitoids (Eurytoma bruniventris and Megastigmus dorsalis Chapter 4) using the 

primers CB 1/CB2 (Jermin & Crozier 1994). This fragment was chosen for consistency with 

the gall formers. When amplification of this fragment failed (as was the case for Megastigmus 

stigmatizans Chapters 3 and 4), an overlapping fragment of 643 bp was used from the 

CP1/CP2 primer pair (Harry et a! 1998). CP1/CB2 can also be combined to produce a long 

fragment that appears to amplify very well for a broad range of species. The PCR conditions 

used to generate these fragments were as follows: 35 cycles of denaturation at 92°C for 60s, 

annealing at 46°C for 60s, extension at 72°C for 120s. PCR reactions had a total volume of 

25tl, with 1iL DNA extract, 2.5 tL PARR buffer, 1.tL 50mM MgC1 2(final concentration 

2mM), 0.5L 10mM dNTP's, 0.35.tL of each primer (each at 20mM), 0.25tL Taq, and 

19.05&L of ultrafiltered water. 

Where the mitochondnal cytochrome oxidase I (COI) gene is used (Chapters 3, 5 and 6), 

amplification was carried out with using the universal primers LC01490/HCO2198 (Folmer 

et al 1994) to produce a 654 bp fragment. PCR conditions were as follows: 5 cycles of 

denaturation at 94°C for 30s, annealing at 45°C for 90s, extension at 72°C for 60s, followed 

by 35 cycles of denaturation at 94°C for 30s, annealing at 51°C for 90s, extension at 72°C for 

60s. PCR reactions had a total volume of 25.tl, with ltL DNA extract, 2.25 p.L PARR buffer, 

1.25tL 50mM MgC12(final concentration 2m1v1), 0.125tL 10mM dNTP's, 0.25tL of each 

primer (each at 20mM), 0.1 i.L Taq, and 19.75 .tL of ultrafiltered water. 

COI was chosen as an additional mtDNA gene to provide further resolution in Chapter 3 since 

variation in cytochrome b proved very low. Other mtDNA genes were also targeted (ND4, the 

A-T rich region, and 12s rRNA), however, these either did not amplify, or variation was too 

low to provide a useful degree of resolution for the purposes required here. COI proved very 

easy to amplify and had an equivalent level of variation to that of cytochrome b. It was also 

employed in Chapter 6 as a means to attempt to barcode oak gall wasp community members. 

It is a suitable choice for barcoding purposes since it is present in all animal taxa, contains a 

suitable level of diversity to differentiate between most species, and because it is a 

mitochondrial gene it is present in a high copy number per cell. Furthermore, the primers used 

(LC01490/HCO2198) are heavily conserved across animal taxa and provide a suitable length 

of sequence for identification purposes. 
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A 643 bp fragment of the 28S ribosomal RNA gene was amplified to help resolve higher-

level relationships within the species of the Torymidae examined in Chapter 5. This gene 

evolves relatively slowly and amplifies well across a range of insect taxa and has been shown 

to be a suitable locus for examining higher-level relationships in insects (Caterino et al 2000). 

The primers rD3AIrD5B1 (Friedrich & Tautz 1995) were used, which amplify the domain 3-5 

expansion segments of the 28S gene. PCR conditions were: 35 cycles of denaturation at 92°C 

for 60s, annealing at 48°C for 60s, extension at 72°C for 120s. PCR reactions had a total 

volume of 25pJ, with 1 p.L DNA extract, 2.5 !.&L PARR buffer with MgC1 21  0.5.tL 10mM 

dNTP's, 0.35.tL of each primer (each at 20mM), 0.25.tL Taq, and 20.051iL of ultrafiltered 

water. 

Assessment and clean-up of PCR products 

PCR products were checked by running 2!.LL  of PCR reaction through a 1% agarose gel 

stained with ethidium bromide. Successfully amplified products were cleaned prior to 

sequencing using shrimp alkaline phosphatase and exonuclease I. 

Sequencing 

All loci were sequenced in both the forward and backward direction for each specimen. 

Sequencing was carried out using ABI BigDye 3.1 reagents on an ABI 3730 sequencer. 

Wolbachia screening 

Megastigmus stigmatizans specimens were screened for Wolbachia as part of Chapter 3. The 

primers used to detect the presence of Wolbachia were wsp 8 1F/wsp 691R (Braig et al 1998) 

for the Wolbachia major surface protein gene. PCR conditions were: 35 cycles of denaturation 

at 92°C for 60s, annealing at 58°C for 60s, extension at 72°C for 45s. PCR reactions had a 

total volume of 20p1, with 1 .tL DNA extract, 2 .tL PARR buffer, 21.tL  25mM MgC12(final 

concentration 2mM), 0.5.tL 10mM dNTP's, 0.5iL of each primer (each at 20mM), 0.251iL 

Taq, and 13.5mL of ultrafiltered water. In order to assay for Wolbachia PCR products were 

run on an agarose gel alongside a control that was known to be positive for infection. 
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2.4 Computer techniques 

Sequence chromatograms were initially checked after sequencing using the program 

Sequence Navigator version 1.0.1. After being checked, forward and backward sequences 

were aligned using the DNA*II  package version 1.64 to provide an additional check for 

errors. After this they were aligned with other sequences. In this way the error level for the 

sequences used in this thesis was kept very low. All sequences were of maximum length and 

there was no missing data for new sequences generated during the lab work associated with 

the thesis. 

Unless otherwise stated, the alignments produced in this thesis were constructed by eye. Most 

sequences were derived from mtDNA and contained no indels, and alignment was largely 

routine. Alignments were checked by translation of each sequence using the invertebrate 

mitochondrial genetic code. The presence of a stop codon within a sequence, or the discovery 

of sequences of different length might have been an indication of pseudogenes as discussed 

above. However, no such sequences were discovered, even though they have been reported to 

be a problem in the gall wasp hosts (Rokas 2003b). 

Phylogenetic relationships were estimated using Bayesian inference in MrBayes version 

3.0b4 (Huelsenbeck & Ronquist 2001). The best-fit model of sequence evolution was 

estimated for each data set using hierarchical likelihood ratio tests as implemented in 

MrModeltest version 2.2 (Nylander 2004). Genetic distances were calculated in PAUP* 

version 4.0b10 (Swofford 2002). Trees were illustrated using Treeview (Page 2001) version 

1.6.6 and Adobe Illustrator version 11.0.0. 
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Chapter 3 

Comparative phylogeography across two trophic levels: 

the oak gall wasp Andricus kollari and its chalcid 

parasitoid Megastigmus stigma tizans 

[Submitted in a modified form as a paper to Molecular Ecology, for which I was senor author] 

3.1 Introduction 

This Chapter provides an analysis of the population structure of the parasitoid Megastigmus 

stigmatizans across a known oak divide in southwestern France. This is contrasted with what 

is already known for its host Andricus kollari. A more in-depth look at the population 

structure of M stigmatizans across Europe will follow in Chapter 4. 

There is a growing interest in the impact of insect natural enemy population structure on that 

of their herbivorous insect hosts. Herbivorous insects are attacked by rich communities of 

parasitoid wasps, and although these constitute approximately 20% of insect species (LaSalle 

& Gauld 1991), the factors structuring their populations remain little known. Parasitoid 

communities centred on a given host group (such as galling or leaf-mining insects) are often 

both species-rich and complex (Askew & Shaw 1986), and theoretical and empirical studies 

show that understanding the host specificity and population structure of natural enemies is 

key to understanding community stability and evolution (Thompson and Cunningham 2002, 

Kondoh 2003, Stone & Schonrogge 2003). Key questions in this field include the extent to 

which parasitoid and host insect populations are structured on similar spatial scales, and the 

extent to which these structures are generated by traits of the insect prey (such as the plants 

they feed on) or by other features of their environment that could influence enemy foraging 

decisions (Hayward & Stone 2005). Changes in host distributions over a range of spatial and 

temporal scales have the potential to leave subsets of natural enemies behind, allowing a host 

to enter 'enemy free space' (Jeffries & Lawton 1984). Here the ability of a specific natural 
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enemy to track host populations on two temporal and spatial scales - over millenia between 

glacial refugia in Europe, and over hundreds of years in response to human manipulation of 

the geographic distribution of a foodplant of the insect host is examined. The insect host is an 

oak-feeding gallwasp, Andricus kollari (Hartig, 1843) (Hymenoptera, Cynipidae), and the 

enemy is an associated parasitoid wasp, Megastignus stigmatizans '(Fabrici us, 1798) 

(Hymenoptera, Torymidae). 

As summarise in Chapter 1, oak gallwasps have two generations in their annual lifecycle, and 

Andricus kollari also shows obligate alternation between two oak groups. A spring sexual 

generation always galls oaks in Quercus section Cerris, while a summer/autumn asexual 

generation always galls oaks in Quercus section Quercus. The natural distribution of Andricus 

kollari is defined by the restriction of its section Cerris oak hosts to regions of southern 

Europe corresponding to glacial refugia (Stone et al. 2001), while suitable section Quercus 

hosts (including Quercus robur and Q. petraea) are native as far north as Scotland and 

Finland. Natural southern populations of A. kollari show refuge-specific associations with 

different oak species. Iberian populations have sexual generations on the cork oak, Quercus 

suber, and asexual generations primarily on Q. faginea and Q. pyrenaica. Central European 

populations (those native to Italy and the Balkans) have their sexual generation on Turkey 

oak, Q. cerris, and an asexual generation on a range of section Quercus oaks. Genetic 

exchange between eastern (Q. cerris) and western (Q. suber) refugial populations has been 

rare enough to allow substantial genetic divergence between them (Stone et al. 2001), to the 

extent that the races probably constitute separate biological species (Pujade-Villar et al. 

2003). Analysis of mitochondrial haplotype sequences shows the Iberian populations to form 

a single monophyletic lineage within a wider diversity of central European linages (Stone et 

al. 2001). 

Secondary contact between these two gallwasp races was made possible by human planting of 

Quercus cerris as far west as the natural northern limits of Quercus suber, near the Gironde 

estuary in southwestern France (Stone & Sunnucks 1993). Dispersal of Turkey oak was 

quickly followed by invasion of northern Europe by Andricus kollari and other host-

alternating gallwasps, and this species is now common as far north as Scotland (Stone et al. 

2001, Stone et al. 2002). A striking feature of range expansion by Andricus kollari is that 

even though Iberian populations are exposed to Q. cerris in southwestern France, they were 

unable to make the host shift onto this oak and so expand their ranges northwards. All 

colonists reaching northern continental Europe are derived from populations native to Italy 
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and the Balkans, with a long evolutionary history of exploiting Q. cerris (Stone et al. 2001). 

Similarly, populations from Italy and the Balkans have been unable to make the southwards 

host shift to Q. suber, and so are excluded from Iberia. The result of this hostplant specificity 

is a sharp contact zone in southwestern France (Stone et al. 2001). This zone provides an 

opportunity to test the impact of gallwasp population structure on that of their parasitoid 

natural enemies (Askew 1984, Stone et al. 2002). While the population genetic structure and 

colonisation history of some European oaks and gallwasps have been studied in detail (Stone 

& Sunnucks 1993, Manos et al. 1999, Petit et al. 2002, Stone et al. 2001, Rokas et al. 2003a), 

very little is known about the population genetics of the next trophic level. One key feature 

for parasitoids attacking insect herbivores is the plant on which the insect hosts feed (Rott and 

Godfray 2000, Lill 2002, Wimp et al. 2005). Here, the population structure of Megastigmus 

stigmatizans, an important parasitoid of the asexual generation of Andricus kollari throughout 

its native and invaded ranges in continental Europe is analysed. This parasitoid attacks only 

the asexual generation galls of host-alternating Andricus species, and was thus also absent 

from northern Europe prior to human dispersal of Quercus cerris. The Q. suber / Q. cerris 

contact zone also represents a transition between alternative host oaks for the asexual 

generation of A. kollari, from Q. canariensis,  Q. faginea and Q. pyrenaica in the south of the 

Iberian Peninsular to Q. robur and Q. petraea in northern Europe (Jalas & Suominen1987). 

For both Iberian and Central European populations of Megastigmus stigmatizans, dispersal 

across the A. kollari contact zone thus requires a shift from one group of oaks to another. The 

little work there has been on oak gall parasitoid population genetics suggests that genetic 

differentiation can occur within species between sympatric populations on different oak taxa 

(Acs et al. 2002, see Chapter 4). A potentially significant issue for M stigmatizans is that the 

asexual generation galls induced by the two lifecycle races of A. kollari differ in phenology: 

the galls of the central European race mature earlier, in late July! early August, than do those 

of the Iberian race (Stone et al. 2001). Megastigmus stigmatizans is an idiobiont parasitoid, 

and has a long drilling ovipositor with which it attacks galls late in their development. The 

female M stigmatizans stings the gallwasp larva, whose size at this point determines the 

resources available to the young parasitoid for growth. Close phenological matching between 

local populations of parasitoid and host could potentially prevent range expansion in either 

direction: Iberian populations could be prevented from moving northwards by precocious 

emergence of northern gallwasp hosts, while central European populations could fail to 

develop on slower-developing Iberian galls because the smaller resource availability prevents 

successful development. 
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Here haplotype sequence data for a 643 base pair fragment of the mitochondrial cytochrome b 

gene and a 654 base pair fragment of the mitochondrial cytochrome oxidase gene is used to 

examine the population structure of M stig?natizans on either side of the A. kollari contact 

zone. Additional resolution is also provided for this zone in Andricus kollari. The following 

questions are posed: 

What is the relationship between Iberian populations of Mstigmatizans and those 

further east, beyond the native range of Q. suber? Does the intraspecific phylogeny 

of this species suggest range expansion into Iberia from central Europe and, if so, 

by one lineage (as for its host) or by many lineages? 

How does the inferred date of most recent common ancestry of Iberian lineages of 

M stigmatizans compare with Andricus kollari? Did these taxa disperse into Iberia 

at the same time? If not, did the gallwasp arrive in a region already occupied by 

the parasitoid, or did the parasitoid pursue its host? 

How has the anthropogenic contact zone influenced the population structure of M 

stigmatizans? Are M stigmatizans in northern Europe derived, like the gallwasps, 

entirely from populations in the native range of Q. cerris, or have Iberian 

populations used the new host to escape their refiigial distribution? Have central 

European M stigmatizans populations been able to invade Iberia? 

3.2 Materials and Methods 

Sampling 

Asexual generation A. kollari galls were collected from sites across Iberia and France during 

August 2002 (Table 1, Fig. 1). The sampling scheme covered a north-south transect from 

northwest France to central Spain, and an east-west transect lying just north of the Pyrenees 

mountains. The scheme was designed to allow a detailed comparison with the pattern already 

observed for A. kollari, in which a clear divide between populations was apparent in the area 

surrounding the Gironde estuary. Galls collected at this stage had already been exposed to 

attack by M stigmatizans, but adults had yet to emerge. Emerging adult A. kollari and M 

stigmatizans were preserved in 99% ethanol and stored at 4°C until DNA extraction. 

/ 
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Figure 1. Sampling sites. Filled circles indicate samples collected in the invaded range and clear 

circles indicate those collected in Iberia, up to and including southwestern France. 
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Table 1. Sampling locations of Andircus kollari and Megastigmus stigmatizans with haplotypes recovered from each site. 

The number immediately following H refers to the specific haplotype number, the number in brackets indicates how many 

individuals were found to possess each haplotype at each site. 

Region Site name Latitude Longitude A. kollan Haplotypes M. stigmatizans Haplotypes 

NW France Crecy 50°1348"N 1°49'48"E H19(1), H17(1), H15(2), H8(1) - 
NW France Rennes 48060N 1°40'12"W H11(1), H9(1), H2(1) H10(7), H11(1) 

NW France La Rochelle 460 10'0"N 1 0860"W H10(1), H3(1) - 
NW France Mortain 48022'0'N 0055'60"W H21(1), H19(1) - 
NW Franca St Malo 48°3860"N 20 10"W H20(1), H7(1) H10(2), H9(1) 

NW France Vannes 470400'N 2 0450W H12(1), H4(1), H1(1) 119(1) 

NW France Nantes 47 0 13'48N 1°3448"W H18(1) H10(2), H9(2) 

C France Perigueux 450 1060"N 0043'0"E - 119(1) 

SW France Bayonne 4302860"N 1 02860W 1126(1), H23(2) H10(1) 

SW France Mugron 43045'0"N 0045 OW H23(1), H22(1) - 
SW France Pierroton 44043'60'N 004060W 1132(1), 1129(1), H26(1) - 
SW France Pau 43°1760"N 00 22'0"W H30(1), H23(1) H10(3) 

SW France Ceret 42028'60'N 2 0450'E 1136(3) 1112(1) 

SW France Amou 43°360"N 00450"W H24(1), H23(1) H13(1) 

SW France Montpellier 430360N 30 52'60E 1128(1) - 
SW France La Valle 42031'60"N 20570'E - H10(1) 

Spain Olot 421 1060N 2°28'60"E 1126(1), 1123(2) H10(1) 

Spain Rubi 41 028'60N 2 001'60'E H35(1) 1132(1) - 
Spain Sant Celoni 41 041'07'N 2029'57'E - 1110(1) 

Spain El Escorial 401 3460"N 4°9'0"W H33(1), H31(1) - 
Spain Potes 430860"N 4 0 370'W 1127(1), 1123(1) - 
Spain Salamanca 400 58'0'N 5 0 39'0'W H26(1) H10(2), 1114(1) 

Spain Quintanilla 4204660"N 5050'60'W H25(1) - 
Portugal Cabeca Gorda 370550"N 704760"W - H10(1) 

Portugal Lagarelhos 41 0260N 8°4'0"W H34(1) 1115(1) 

Italy Ruffeno 440 12'0"N 100 550'E H15(1), H16(1) - 
Italy Greve 43034'48N 11 1 1912"E H6(1) - 
Italy Pruno 430 58 60N 100  13 0'E - 116(1), H7(1) 

Italy Chiusi 43 0 10N 11°570E - H8(1) 

Hungary Godollo 470360'N 190 19'48'E 115(1), 117(1), 1113(1) H3(1), 114(1) 

Hungary Sopron 4704012"N 160 34'48"E - 115(1) 

Turkey Antalya 360 52'48'N 30°420'E H14(2) - 
Turkey Beybesli 41 0 10"N 35°540'E - 111(1) 

Turkey Refahiye 390540"N 380450"E - - 	H2(1) 

Molecular methods 

DNA was extracted and amplified as described in Chapter 2 of this thesis. For the A. kollari 

cytb data set, 27 new sequences were added to the 27 existing sequences of Stone et al. 

(2001), plus two outgroups in the same Andricus species group, A. conglomeratus and A. 

polycerus (Cook et al. 2002, Rokas et al. 2003b). For the M stigmatizans data set 38 new 

sequences were combined with 3 Torymidae outgroups - Torymus auratus, Megastiginus 

dorsalis and M synophri. 
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Since analyses are restricted to the use of mtDNA, a consideration of the possible effects of 

endosymbiont-generated artifacts is necessary. The action of endosymbionts can result in 

incorrect inferences being drawn for mtDNA studies and it is good practice to use at least two 

independent markers. However, for the reasons outlined in Chapter 2, this was not successful. 

As described below, Wolbachia were detected in M stigmatizans (see Chapter 2 for methods 

of Wolbachia screening). It is not known whether this infection has a phenotype (eg male 

killing, cytoplasmic incompatibility) likely to cause a selective sweep. Were such a sweep to 

have taken place over any refugial structure in sequence diversity, we would expect either: (a) 

much lower mtDNA sequence diversity in regions where M stigmatizans is infected, or (b) if 

all M stigmatizans are infected, loss of any refugial signal in mtDNA variation. A selective 

sweep prior to refugial subdivision is expected to reduce diversity in the infected populations 

as a whole, but refugial substructure should still be visable in subsequent refuge-specific 

sequence evolution. The patterns observed in M stigmatizans are discussed below in the light 

of these possible symbiont-mediated outcomes. 

Phylogenetic analyses 

All sequences were the same length, and were aligned by eye. A partition homogeneity test 

for the cytb and col fragments in PAUP*  (Swofford 2002) confirmed that these sequences 

contained a compatible signal and could justifiably be combined into a single data set (P = 

1.00, 100 replicate branch-and-bound search). Phylogenetic relationships were estimated 

using maximum likelihood (ML) in PAUP*  version 4.0blO (Swofford 2002), and Bayesian 

inference (B!) in MrBayes version 3.0b4 (Huelsenbeck & Ronquist 2001). The best-fit model 

of sequence evolution was estimated for each data set using hierachical likelihood ratio tests 

as implemented in Modeltest version 3.06 (Posada & Crandall 1998) for the maximum 

likelihood analysis, and MrModeltest version 2.2 (Nylander 2004) for the Bayesian analyses. 

The most appropriate model of sequence evolution for A. kollari was the Hasegawa-Kishino-

Yano (1985) model with unequal base frequencies, gamma distributed rate heterogeneity 

(I')(Yang 1993) and invariant sites (I). The locus displayed a strong A-T bias, a high 

transitionitransversion ratio (ti/tv = 12.483 5), a gamma shape estimate of 0.743 5, and a high 

proportion of invariant sites (0.7126). For M stigmatizans the General Time-Reversible 

model (Lanave et al. 1984, Rodriguez et al. 1990) + F was selected for the cytb and col data 

sets when tested individually and in combination. The combined data set also had a strongly 

A-T biased base composition, and the gamma shape parameter estimate was 0.2257. 
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All amplified fragments were from protein-coding regions, and the data sets for both species 

revealed a high bias in relative site rates according to codon position (A. kollari pos 1: 0. 13, 

pos2: 0.04, pos3: 2.82; M stiginatizans posi: 0.51, pos2: 0.18, pos3: 2.31). Under a codon-

based model of site-specific rate heterogeneity, implemented by partitioning according to 

codon position and allowing rates to vary across partitions, tree topology was the same but 

likelihoods (both ML and BI) were higher relative to models with just F (M stigmatizans) or 

r'+I (A. kollari). Also, Bayes factors indicated very strong evidence for the selection of site-

specific models for both data sets according to the guidelines of Raftery (1996). Therefore, a 

codon-based model of site-specific rate heterogeneity was implemented for both data sets. 

Currently it is not possible to implement a codon-based model of site-specific rate 

heterogeneity when performing a bootstrap search in PAUP. Although bootstrap support 

values have been observed to be lower than corresponding measures of support derived from 

Bayesian posterior probabilities (Wilcox et al. 2002), this may account for the lower relative 

bootstrap support in comparison to the Bayesian support observed. 

ML analyses were performed using a neighbour-joining (NJ) tree as a starting-point, followed 

by tree-bisection-reconnection (TBR) branch swapping (Swofford et al. 1996), specifying the 

parameters as determined by Modeltest. Bootstrap support was determined using 100 

bootstrap replicates and TBR branch swapping. BI analyses were performed using the (MC) 3  

algorithm, with four simultaneous Markov chains (three heated, one cold) as implemented by 

default inMrBayes 3, for 2 million generations. The best-fit model identified by MrModeltest 

was specified, with substitution model parameters (stationary base frequencies, substitution 

rates between states, rate variation across sites) estimated during the analyses. Analyses were 

started from random trees and trees were sampled every 100 generations, with the first 10% 

discarded as burn-in. Bayesian posterior probabilities were estimated for each dade from the 

50% majority-rule consensus tree of the 18,000 sampled trees. Four independent runs were 

carried out to compare topology and support, in order to check that the chain had been run for 

long enough. There were no conspicuous differences between the results and chain length was 

judged to be sufficient. Acceptance rates were monitored to check that mixing was adequate, 

and a plot of log-likelihood scores against generation was examined in each case to check that 

stationarity had been achieved within the first 200,000 generations. Topology was identical in 

every case, with support varying only slightly between runs. 

Molecular clock analysis 

A molecular clock approach was adopted in order to date the time depth of the Iberian dade 
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in both A. kollari and M stigmatizans. A likelihood ratio test (LRT; Felsenstein 1981) was 

conducted for both species to assess whether the assumption of a constant rate of evolution 

across each tree could be upheld. The LRT statistic is defined as: LR = 2(lnLl-lnL2), where 

the null hypothesis is a homogeneous rate of sequence evolution. Trees were generated using 

ML in PAUP with and without a molecular clock enforced. The results supported a molecular 

clock model for both species (A. kollari X 2  = 47.54, df=54, P=0.72; M stig,natizans X2  = 

36.48, df=39, P=0.59). A relative rate test was conducted using the program RRTree version 

1.1 (Robinson-Rechavi & Huchon 2000), to test for a constant rate of evolution between 

species. Relative rate tests use a distance-based approach to compare the relative rate of 

evolution between the test sequences and a reference taxon (Sarich & Wilson 1973). The 

analysis was weighted according to topology, using a NJ phylogram constructed in PAUP for 

the A. kollari and M stigmatizans cytb sequences and a honeybee outgroup (Apis melfera). 

The phylogram revealed similar branch lengths between and within the A. kollari and M 

stigmatizans clades, and Ka (the number of non-synonymous substitutions per non-

synonymous site) was found to be highly non-significant (P=0.67), suggesting that the two 

lineages evolve at the same rate. However, it was not possible to calculate Ks (the number of 

synonymous substitutions per synonymous site), probably due to saturation associated with 

use of a distant outgroup. An additional analysis using an Ichneumonid wasp as a closer 

outgroup yielded non-significant values for B4 (the number of synonymous transversions per 

fourfold degenerate site) and Ka, but calculation of Ks was again not possible. Relationships 

within the apocrita are still poorly resolved, particularly within the dade that is believed to 

contain the Chalcidoidea and Cynipoidea. Choice of an outgroup that is both sufficiently close 

to the ingroups to avoid the problem of saturation, and equidistant from each, is currently 

difficult. In addition, no cytb sequences for a possibly more suitable outgroup (such as from 

one of the superfamilies Evanioidea, Megalyroidea, Trigonaloidea or Stephanoidea), are 

currently available in Genbank. Shao et al. (2003) suggest that Ks and B4 are not a useful 

means of measuring the rate of nucleotide substitution for highly divergent taxa. Thus, even if 

the sequences were available, it is quite possible that the two superfamilies might prove to be 

too divergent to obtain meaningful results using this method. Thus, since no data suggested 

differently, the rate of evolution between the two lineages was assumed to be constant, and a 

pairwise sequence divergence rate of 2.3% per million years (1.15% per million years per 

lineage) was adopted, following the general molecular clock estimate for the evolution of 

arthropod mtDNA proposed by Brower (1994). Clades were dated using the program BEAST 

(Drummond & Rambaut 2003), which uses a Bayesian MCMC approach to date clades using 

molecular sequence data. MCMC chain length was 10 million, with parameters logged every 
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1000 steps. The model of sequence evolution specified was that found by MrModeltest. The 

data set was partitioned according to codon position, with rate heterogeneity unlinked across 

codon positions. All other settings were left as default, and no clades were enforced. Multiple 

independent runs were carried out, with similar results achieved in each. Effective sample size 

(ESS) values and frequency plots were examined to check that there was adequate mixing of 

the MCMC chain using Tracer (Rambaut & Drummond 2003). Burnin was also established 

and results viewed using this program. 

To allow meaningful comparisons between A. kollari and M stigmatizans, it is necessary to 

compare the range of possible colonisation dates for Iberian lineages (Fig.2). Both the most 

recent and most ancient extremes are considered. Consideration of the most recent common 

ancestor (MRCA) of the Iberian dade ignores demographic effects on genetic diversity that 

may have acted since colonisation of the Peninsula. Consideration of the most ancient 

common ancestor (MACA) assumes that colonisation was simultaneous with the appearance 

of the lineage. If the most recent for one species differes significantly from the most ancient 

for another, then it is reasonable to argue that the clades in each species originated at different 

times. 

Iberian Clade Central European Clade 

MRCA 

Most recentible date, Range 

but could influenced by 
post-colonisation 

Zdates bottleneck 

MACA  

Most ancient possible date, assumes 
no diveregence between ancestral 
sequences prior to colonisation 

Figure 2. Diagramatic representation of the most recent and most ancient possible dates of common 

ancestry between a monophyletic Iberian dade and its outgroup. Consideration of the most recent 

common ancestor (MRCA) of the Iberian dade ignores demographic effects on genetic diversity 

that may have acted since colonisation of the Peninsular. Consideration of the most ancient common 

ancestor (MACA) assumes that colonisation was simultaneous with the appearance of the lineage. 



Chapter 3. Phylogeography across two trophic levels 	 58 

3.3 Results 

3.3.1 Andricus kollari 

For A. kollari, 54 individuals yielded 36 haplotypes (Tables 1 & 2). Of the 433 sites examined 

62 were variable, with 32 of these parsimony-informative. Both Bayesian and maximum 

likelihood trees for these sequences (Fig. 3) reveal a strongly supported monophyletic Iberian 

dade that is derived with respect to more eastern sequences. Independent Bayesian runs 

revealed a congruent overall topology, well supported by Bayesian posterior probabilities. 

Corrected pairwise distances (Table 4) show that the mean distance between haplotypes 

sampled within Iberia and those outside this region was 4.1%, almost double the mean 

pairwise distance for the dade as a whole (2.8%). 

Table 2. Andricus kollan haplotype table for a 433bp fragment of the cytochrome b gene. The position of variable sites is 
given in base pairs at the top of the table, under which a consensus sequence is indicated. Deviations are listed as they 
occur for each haplotype. Question marks indicate missing data. 

111111122222222233333333333334 
113444567788022389900134467900222223457892 

7062369596926614013625481421278123597056271 

a a t at a a 	t a a a t t c t t a a 	t 	tat 	t 	t a 	tat 	t 	cc 	t a at 	t 	t 	t a  
Haplotype 1 
Haplotype2 . . 	 c 	. 	. . 	 . 	 . 	 . . 	 . 	 . 	 . 	 . 	 . 	 . . 	 . . 	 . 	 . 	 c 	..................... 
Haplotype3 ........................... 9 	............... 
Haplotype4..................... c 	. 	. 	 . 	 . . 	 g 	............... 

Haplotype 5  . 	 . 	 . 	 . 	 . . 	 . 	 . 	 . . 	 . 	 . 	 . 	 . 	 . 	 . . 	 . . 	 . 	 . 	 . 	 . 	 . 	 . 	 . . 	 . 	 . . 	 . 	 . . 	 . 	 . 	 . 	 . c 	..... 
Haplotype6 ...... g 	............ g 	. 	. 	 . 	 . 	 . 	 . . 	 . 	 . . 	 . 	 . . 	 . 	 . 	 . 	 . c 	..... 
Haplotype 7 
Haplotype8 .................... c 	. 	g 	.................... 

Haplotypeg .  g 	......................................... 
HaplotypelO .g 	........... a...g...cg ........... c..c.c... 
Haplotypell .9 	........... a.. . 	 g . 	 . 	 . 	 .g 	........... c..c ..... 
Haplotypel2 .9 	........... a...g....g ........ ccc ..... 
Haplotypel3 .9 	............... g....g ........... c..c.?... 
Haplotypel4 .g...g.a . . 	 . 	 . 	 . 	 . 	 t 	c . 	 . t 	g 	............ t.c 	. 	. . 	 . 	 . 	 c g 	g 
Haplotypel5 .g 	..... ac..g ....... gccg 	..... c...ttcg ....... 
Haplotypel6 .g 	..... ac.gc . 	 . 	 . . 	 . . 	 g 	c 	c 	g 	. 	. 	 . . 	 . 	 c . 	 . 	 . t 	t 	c 	g 	....... 
Haplotypel7 .g.g...ac..g . 	 . 	 . 	 . . 	 . . 	 g 	c 	c 	g 	..... c...t.cg ....... 
Haplotypel8 .9 	..... ac..g .. 	... ... gccg 	..... c...t.cg ....... 
Haplotypel9 .g 	..... ac . 	 . 	 . 	 . 	 . 	 . 	 . . 	 . . 	 g 	c 	c 	g 	..... c...t.cg ....... 
Haplotype 20 . 	 g 	....... c . 	 . 	 . 	 . 	 . 	 . 	 . . 	 . . 	 . 	 c 	c 	g 	. 	. 	 . . 	 . 	 c . 	 . t 	. 	 c 	g 	....... 
Haplotype2l . 	 g 	..... a c . 	 . 	 . 	 . 	 . 	 . 	 . . 	 . . 	 ? 	c 	c g 	. 	. 	 . . 	 . 	 c . 	 . t 	. 	c 	g 	....... 
Naplotype22 . 	 g 	........ g 	..... C . 	 . 	 . 	 c g c c c . 	 . 	 . . 	 c t 	.......... 
Haplotype 23 g 	g 	........ g 	. 	. 	 . 	 . 	 . c 	. . 	 . 	 . 	 c g c C c .. 	 . . 	

. 	 . 

. 	 c 	. t 	.......... 
Haplotype 24 g 	g 	........ g 	. 	. 	 . 	 . 	 . c 	. . 	 . 	 . 	 c 	g 	c 	c 	. . 	

. 	 . 

. 	 c 	. t 	. 	. 	 . 	 . c 	..... 
Haplotype25 9 	g 	........ g 	g 	. 	. 	 . 	 . c 	. . 	 . 	 . 	 c g 	c 	C 	. . 	 . 	 . . 	 c 	. . 	

c 	. 
t 	. 	 . 	 . 	 . c 	. 	. 

Haplotype26 g 	9 	........ g 	..... C 	. . 	 . 	 . 	 c g 	c 	c 	. t 	.......... 
Haplotype27 g 	g 	........ g 	..... C 	. . 	 g 	. 	c 	g 	c 	c 	..... c. t 	.......... 
Haplotype 28 g 	9 	........ g 	. 	. 	 . 	 . 	 . c 	. . 	 g 	. 	c 	g 	c 	c 	....... t 	.......... 
Haplotype 29 g 	9 	........ g 	. 	. 	 . 	 . 	 . c 	. . 	 . 	 . 	 c g c C C . 	 . 	 . . 	 c 	. t 	. 	. 	 . 	 . . 	 . 	 c 
Haplotype30 g 	9 	..... a 	. g 	. 	. 	 . 	 . 	 . 	 . c 	. . 	 . 	 . 	 c 	g 	c 	C 	. . 	 . 	 . . 	 . 	 . t 	..... c 	. 	. 

Haplotype 31 g 	9 	........ g 	. 	. 	 . 	 . 	 . c 	. . 	 . 	 . 	c g c c c t 	. 	. . 	 c 	. t 	. 	 . 	 . 	 g ...... 
Haplotype32 g 	..... a..g...t.c....c.ccc....c.t .......... 
Haplotype 33 g 	9 	.............. C 	. . 	 . 	 . 	c g c c c . 	 t 	. . 	 c 	. t 	.......... 
Haplotype34 g 	........ g 	. 	. 	 . 	 . 	 . c 	. . 	 . 	 . 	cgccc . 	 . 	 . 9 	. t 	.......... 
Haplotype 35 g 	g 	........ g 	g 	. 	. 	 . 	 . c 	. . 	 . 	 . 	 c 	g 	c c 	. . 	 . 	 . . 	 c 	. t 	.......... 
Haplotype 36 g p ......... c 	. . 	 . 	 . 	 c 9 c C c . 	 . 	 . . 	 . 	 . t 	.......... 
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Figure 3. Relationships of A. kollari haplotypes based on a 433 bp fragment of the cytb gene. 

The left-hand cladogram displays the sample location of haplotypes collected in the invaded 

range or Iberia (Filled circle for invaded range, clear circle for Iberia inclusive of southwestern 

France). Support values are provided on the cladogram with Bayesian posterior probabilites 

displayed above nodes, and bootstrap proportions below. A phylogram version of the tree is 

provided on the right, with a scale bar indicating the percentage sequence divergence. 
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Table 3. Megastigmus stigmatizans haplotype table for a 643bp fragment of the cytochrome b gene and a 654bp 
fragment of the cytochrome oxidase gene. The position of variable sites is given in base pairs at the top of the 
table. under which a consensus seauence is indicated. Deviations are listed as they occur for each haplotype. 

Cytochrome oxidase I Cytochrome b 
11111111 

2222223344566 67888889999900111111 
0257797728512 54225680157700122557 
0391440317905 80140834903665703234 

t  t 	t 	a c a 	t 	a g a 	t 	g c 	t a g a a a a t g a a c g a c 	t 	c a 	t 
Haplotypel . 	c . 	. 	. 	. 	g 	c 	. 	a 	g . 	 . . 	 . 	 . 	 . 	 . 	 . 	 a 	. 	. 	 . 	 . 	 . 	 t t 	. 	. 	 . 	 . 

Haplotype 2 ........ g 	. 	. 	 . 	 . 

Haplotype 3 
Haplotype 4 . 	 . . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . . 	 . . 	 . 	 . 	 . 	 . 	 . 	 . 	 a 	.......... 
Haplotype 5 ............. . 	 . . 	 a 	................. 
Haplotype6 . 	 . . 	 . 	 . 	 . 	 . 	 c 	. 	 . 	 . 	 . 	 . t 	. g 	. 	 . 	 . 	 . 	 . 	 a 	....... c.g. 
Haplotype 7 . 	 . c 	. 	g 	. 	 . 	 . 	 . 	 . 	 . 	 c 	a t g 	. 	 . 	 a 	. 	 . 	 . 	 . 	 . 	 . . 	 . 	 . 	 g 
Haplotype8 ..c .g 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 a t 	g . 	 . 	 . 	 . 	 g 	g 	a 	. 	g 	....... g. 
Haplotype 9 C 

HaplotypelO .c .c 	......... ........ a..g 	..... t.c 
Haplotypell .c .c 	......... ........ a..g.a...t.c 
Haplotype 12 . 	 C . 	 c 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . . 	 . . 	 . 	 . 	 . 	 . 	 . 	 a 	. 	 . 	 . 	 . 	 . 	 . . 	 . 	 t 	. 	 c 
Haplotypel3 .c .c 	......... ........ a..gt....t.c 
Haplotype 14 . 	 c . 	 c 	......... . 	 . . 	 . 	 g 	. 	. 	 . 	 a 	. 	. 	 g 	. 	 . 	 . . 	 . 	 t 	. 	 c 
Haplotypel5 .c .c qa..g t  

3.3.2 Megastigmus stigmatizans 

The 38 M stigmatizans individuals yielded 15 haplotypes (Tables 1 & 3). Of the 1297 sites 

examined across both loci, only 33 were variable and 13 parsimony informative. For cytb, 

there were 20 variable sites, of which 7 were parsimony informative, and for col there were 

13 variable sites, of which 6 were parsimony informative. BI and ML analyses revealed trees 

with a similar topology (Fig. 4), again showing a strongly supported monophyletic Iberian 

dade that is derived relative to eastern sequences. Corrected pairwise distances show 

Megastigmus stigmatizans to have far lower sequence diversity than it host (Table 4): A. 

kollari sequences have 5-6 times the diversity present in the parasitoid (sequence divergence 

for the entire A. kollari dade varies between 0 and 7%, whereas for M stigmatizans the range 

is only 0-1.35%). The Iberian dade for M stigmatizans contains a particularly low level of 

sequence diversity, with 6 haplotypes giving a mean pairwise distance of 0.03%. As for A. 

kollari, the mean pairwise distance between haplotypes sampled within Iberia and those 

outside this region (0.69%) was almost double the mean distance for the dade as a whole 

(0.38%). 
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Figure 4. Relationships of M stigmatizans haplotypes based on the combined coxl/cytb dataset. 

Sample location and support values are provided as with A. kollari. 

Table 4. Corrected distances (percentage) 
Whole dade 	Iberian 	Non-Iberian 	Iberian versus non-Iberian 

A. kol/eri 	 Range 0-7 0-1.86 0-5.25 2.5-7 
Mean 2.8 0.53 2.53 4.11 

M. stigmatizans 	Range 0-1.35 0-0.16 0-1.35 0.48-1.26 

Mean 0.38 0.03 0.45 0.69 

Whole dade refers to all sequences of that species analysed. Iberian refers to sequences that 
fall in the Iberian dade. Non-Iberian referes to all sequences outside of the Iberian dade. 
Iberian versus non-Iberian is the average distance between Iberian and non-Iberian sequences. 

3.3.3 Dating the divergence of the Iberian clades of A. kollari and M. 

stigmatizans 

BEAST infers very different dates of most recent common ancestry (MRCA) for the gallwasp 

and its parasitoid. The MRCA for all Andricus kollari sequences is dated at 1.327 million 

years before present (with lower and upper highest posterior density estimates of 780-1906 

kyBP), while the MRCA for Iberian A. kollari is estimated at 383.6 kyBP (182.2-605.3 

kyBP). In contrast, the MRCA for all M stigmatizans sequences is estimated at 262 kyBP 

(180.9-360.3 kyBP), with an MRCA for Iberian sequences of 85.6 kyBP (42.2-130.4 kyBP). 
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The most ancient possible common ancestor (MACA) of the Iberian A. kollari dade is dated 

at 1.088 million years before present (626-1665 kyBP), and at 245.5 kyBP (156.3-339 kyBP) 

for Iberian M stigmatizans. If MRCA estimates accurately reflect relative dates of arrival of 

the two species in Iberia, M stigmatizans thus followed its host into the Peninsula. Even if we 

take the earliest probable (MACA) date of arrival of M stigmatizans and the latest (MRCA) 

for A. kollari, it is still unlikely that the two lineages arrived in Iberia at the same time. 

3.3.4 Range expansion by Iberian and central European lineages of A. kollari 

and M. stigmatizans 

No Andricus kollari collected north of the Gironde estuary yielded individuals with an Iberian 

haplotype, and no central European haplotypes were found in Iberia, confirming failure by 

gallwasp matrilines of either origin to cross the contact zone. In contrast, M stigmatizans 

collected in the planted range of Quercus cerris in northern and central France include 

haplotypes of both Iberian and central European origin (Fig.4). For example, haplotype 9, 

which lies in the dade containing sequences from the native distribution of Quercus cerris in 

central Europe, was found in wasps collected in St. Malo, Vannes, Nantes and Perigueux (see 

Fig. 1). This confirms the ability of central European populations of M stigmatizans to pursue 

their natural gallwasp host. Similarly, haplotypes 10 and 11, which fall within the Iberian 

dade (Fig.4) were found in wasps collected in Rennes, St. Malo, and Nantes (See Fig. 1). This 

confirms the ability of Iberian M stig,natizans to shift onto a novel invading host, and so, in 

contrast to Iberian gallwasps, to escape their natural glacial refugium. In contrast, no 

haplotypes diagnostic of the central European dade were found in Iberia, implying 

unidirectional range expansion by M stigmatizans across its host contact zone. Populations of 

M stigmatizans derived from both eastern and western origins possess only a small subset of 

the genetic diversity present in their native range. 

3.3.5 Wolbachia screening 

A panel of 20 M stigmatizans specimens from across the range were screened for the 

presence of Wolbachia. All specimens tested postive for infection. 



Chapter 3. Phylogeography across two trophic levels 	 63 

3.4 Discussion 

The low diversity observed in mtDNA for M stigmatizans suggests that it may have 

undergone a symbiont induced selective sweep. Furthermore, a panel of M stigmatizans 

individuals from Iberia to Turkey screened for the presence of Wolbacchia all tested positive 

for infection. The refugial organisation of haplotypes and level of associated mtDNA 

diversity suggest that this sweep must have occurred prior to longitudinal range expansion. 

Thus, the interpretation of patterns observed in this study are structured in a way that is 

unlikely to be compatible with symbiont-generated artifacts. 

3.4.1 The Iberian dade, its time depth and genetic differentiation 

Iberian haplotypes of both host and parasitoid form well-defined monophyletic clades that are 

derived with respect to more eastern populations. This implies that the Iberian matrilines of 

both species are derived from a single lineage with an origin further east, probably in central 

Europe. For both species, this underlines the rarity of successful past migration between 

southern glacial refugia, a pattern that is repeated in other oak gallwasps (Rokas et al. 2001, 

2003a). It suggests, too, that eastern centres of oak gallwasp diversity (Rokas et al. 2003a,b, 

Stone et al. 2001, 2002) may also represent sources for range expansion by community 

members at the next trophic level. 

However, the differences in sequence diversity in the Iberian clades of these species strongly 

suggest a more ancient MRCA for the gallwasp than its parasitoid. If we assume that diversity 

within these clades represents divergence following invasion of Iberia, without significant 

impacts of subsequent population bottlenecks, then the MRCA dates inferred by BEAST 

coincide with known interglacials - the Hoxnian for A. kollari and the Eemian for M 

stigmatizans. If we assume instead that post-colonisation bottlenecks have affected genetic 

diversity only in the gallwasp, this represents a worst-case scenario for testing simultaneous 

colonisation of Iberia. While BEAST estimates still support a more anceint origin for Iberian 

A. kollari, the confidence limits for the MACA (Fig.2) of the Iberian M stigmatizans dade 

(181-360 kyBP) do overlap with the MRCA of the Iberian A. kollari dade (200-600 kyBP). It 

is thus possible that both lineages colonised Iberia at the same time. However, aspects of the 

biology of the species involved probably predispose the parasitoid, rather than the host, to 

population bottlenecks. The gallwasp has 2 generations each year, one of which has high 

fecundity, and both generations can exist at high population densities (Stone et al. 2002). In 
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contrast, the parasitoid has only one generation a year, and only attacks a proportion of one 

host generation in any location. 

While the relative estimates of divergence between Iberia and the rest of Europe for these two 

species are probably correct, their absolute dating must be treated with care: they depend on 

an average rate calculated by Brower (1994) over seven arthropod taxa from 5 orders in which 

the rates varied between 1.7% and 4.2% per million years. Rates in some insects lie below this 

range. For example, Pruser & Mossakowski (1998) estimated a substitution rate of 0.39-

0.98%/myr for mtDNA (NADH-dehydrogenase subunit 1 gene fragment) in a group of 

Mediterranean carabid beetles. No Hymenoptera were included in Brower's study, so it 

remains unclear whether this rate is appropriate to this group. This is particularly significant 

given Castro et al. '5 (2002) finding that the parasitic Hymenoptera show an increased rate of 

genetic divergence. Our estimates could then represent overestimates of true divergence 

times. Furthermore, only two mitochondrial gene fragments were analysed for M 

stigmatizans, and one for A. kollari, and dating estimates thus carry with them the usual 

caveats applied to analysis of mitochondrial sequence data (Hurst & Jiggins 2005). However, 

the putative most recent dates of range expansion into Iberia do coincide with known 

intergiacials, and so periods in which oak forests (and hence, potentially, gall faunas) allowed 

dispersal between southern glacial refugia. Furthermore, independent of their absolute clock 

rate, there is no evidence that mutations are accumulating at different rates in host and 

parasitoid. In the absence of differential demographic impacts on mitochondrial sequence 

diversity in host and parasitoid, these data imply that this parasitoid pursued its host into 

Iberia. If the datings are correct, then A. kollari enjoyed one glaciation's worth of enemy free 

space from M stigmatizans. 

An alternative interpretation for the lower genetic diversity in M stigmatizans is that this 

species colonised Iberia prior to the Eemian interglacial but that mitochondrial sequence 

diversity underwent a severe bottleneck at this time. Such an impact could result either from a 

population bottleneck (Avise 2000) or a selective sweep imposed, for example, by Wolbachia 

(Hurst & Jiggins 2005). For such effects to explain low diversity in Iberia alone, we expect 

the phylogenetic structure of Iberian haplotypes to differ from those sampled elsewhere. If the 

Iberian lineage is in fact ancient, but with low current diversity due to a bottleneck, Iberian 

haplotypes should show very little diversity and be joined to their outgroup by a relatively 

long branch, with substantially greater nucleotide diversity in more eastern sequences. This is 

not the case. Sequence diversity is low for the entire M stigmatizans dade, suggesting that 
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diversity in this species was reduced by an earlier, more basal demographic event in eastern 

populations, followed by westwards range expansion. 

3.4.2 Recent range expansion 

Our results show that A. kollari has been pursued by M stigmatizans populations sharing the 

same native range, and has also been exploited by host-shifting Iberian populations of the 

same species. It is thus clear that M stigmatizans can jump across gall wasp ecotypes, but gall 

wasps cannot jump across oaks. This suggests that the cues used by M stigmatizans to locate 

its gallwasp hosts are not restricted to specific section Quercus oaks. Parasitoids of both 

origins show low genetic diversity, however, suggesting the establishment of small 

populations in both cases. More detailed sampling with more polymorphic markers is required 

to assess the extent of the demographic impacts involved in each case. 

More generally, if other parasitoids respond in the same way, then the invasion of northern 

Europe by A. kollari and other host-alternating gallwasps may have major implications for the 

structure of communities centred on them. While the invading gallwasps are derived from a 

single eastern origin, their spread potentiates range expansion by two sets of parasitoids, by 

native pursuit and non native host-shift. Both routes will result in the recruitment of new 

natural enemies to northern gallwasp communities, with associated impacts on community 

dynamics. One major impact may be the indirect interactions between native and invading 

gallwasps mediated by shared natural enemies (bit & Lawton 1993, Schonrogge & Crawley 

2000). While M stigmatizans is almost entirely restricted to the invading species in northern 

Europe, other parasitoids attacking the invaders have much broader host ranges. High 

populations of these parasitoids in invading gallwasps could have significant negative impacts 

on native gallwasp populations. To address these issues, we need to know which other 

parasitoids are expanding their ranges by both pursuit and host shift routes. 
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Chapter 4 

Phylogeography of European oak gall wasp parasitoids 

and implications for oak gall wasp communities 

4.1 Introduction 

This is a complex chapter because it involves a number of interacting structuring 

processes. Nevertheless, my feeling is that they are best considered together. The chapter 

consists of analyses of population structure in three parasitoid species. Each species is 

dealt with in turn including discussion, with a general discussion to close the chapter. 

A series of questions regarding the phylogeography and structure of European oak gall 

wasp parasitoid populations is examined here. In addition to providing knowledge about 

the parasitoid populations themselves, the questions have specifically been chosen to 

allow comparison with findings for the gall wasp hosts, as summarised in Chapter 1 of 

this thesis. Such comparisons are important since they allow us to develop an 

understanding of the way in which the communities evolve and function. Of specific 

interest are questions relating to the possibility that oak gall communities as a whole 

show a common phylogeographic origin, and whether the variability inherent within 

lower trophic levels exerts an effect upon the structure of higher trophic levels. The 

answers to these questions have relevance outside gall wasp research, and could have 

important implications for our understanding of biological communities and ecosystems, 

discussed in detail below. 

4.2 Questions to be addressed 

Here I summarise the main questions addressed in this chapter. Alternative hypotheses 

are then outlined in turn for each question in the next section. 
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1) What is the structure of oak gall wasp parasitoid populations across Europe? 

(a) Is there evidence of population subdivision corresponding to putative refugia? 

If so: 

how many and which refugia are implied? 

does the pattern fit the oak or gall wasp model of refugia? 

(b) What does the observed structure suggest about the ancient colonisãtion 

history of Europe by oak gall wasp communities? 

is there support for any refuge being basal to the others? 

if so, is it Anatolia, thus supporting the 'out of Anatolia' hypothesis? (Chapter 1) 

2) Is there evidence of host-mediated population subdivision? 

As discussed in Chapter 1, it is probable that parasitoids have a hierarchical series of 

host location behaviours. Variability in the expression of these behaviours might act to 

drive population subdivision, resulting in the existence of host races. If so, which gall 

traits are important in driving this process: 

host oak section? 

gall location on the tree? 

gall phenotype, either at the level of key structural traits (such as surface spines, a 

sticky surface, or an internal airspace) or individual species? 

3) By what origin have parasitoids come to attack invading gall wasps in the 

invaded range? 

Pursuit from the south? 

Host-shift from native gall wasp communities? 

Introduction from galls imported into the UK for industry during the 19 '  century? 

4) Is there evidence of cryptic taxa within a morphologically conserved group of 

species? 

Preliminary evidence from Acs et al (2002) suggests that the parasitoid Eurytoma 

brunniventris may be composed of a number of sibling species. Here, I will 

investigate this possibility further and ask: 

Is this finding upheld by mtDNA haplotype data? 

If so, do the data suggest subdivision at the level of species, or is variation 

compatible with that expected for host races? 

and are certain gall traits associated with the different groupings? 
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4.3 Significance & alternative hypotheses 

The significance of the above questions and alternative hypotheses for each are now 

explored. Although ultimately generation of data for nuclear markers was not successful, 

discussion of predictions for each question are kept broad and are relevant to both nuclear 

and haplotypes markers in this section. 

4.3.1 Question 1. Parasitoid population structure 

(a) Refugial structure 

Many hypothetical patterns of population subdivision according to putative refugia exist 

for parasitoid populations in Europe. Here I restrict my interpretation of the data to the 

following biologically meaningful hypotheses: 

Ho = no subdivision between putative refugial samples 

Hi = the "oak hypothesis" - three refugia: Iberia + Italy + the Balkans, these being the 

three major refugia for oaks in Europe (see Chapter 1). 

H2 = the "gall wasp hypothesis" - two refugia: Iberia + Italy/the Balkans, as suggested for 

the gall wasps Biorhiza pallida (Rokas et al 2001), Andricus quercustozae (Rokas et al 

2003a) and A. kollari (Stone et al 2001). 

The patterns of population subdivison expected under the alternative hypotheses 

described above are illustrated in Figure 4.1 below. Distinguishing between these 

possibilities is an important part of characterising the genetic variation found in different 

parasitoid populations, and will also be necessary in order to address the other questions 

outlined in section 4.2. In order to discriminate between the hypotheses, samples from 

each putative refugium need to be collected for each species. Sample selection for this 

and subsequent questions are discussed in detail in section 4.5. In addition to European 

samples, samples from Turkey will also be included in order to address question 1(b). A 

further consideration for Turkey is whether it represents a single refugium, or two refugia 

separated by the Anatolian diagonal. The Anatolian diagonal (Davis 1965, 1971) is an 

important floristic divide formed by a series of mountains (Binboga, Munzur, 

Kargasekmez Mountains, etc.) that cut across Anatolia laterally and separate the 

European continent from-Western Asia. 
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Null hypothesis Ho: No refugial structure 
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Figure 4.1 Alternative hypotheses for the possible pattern of refugial subdivision in 

European and Turkish parasitoid populations. Groupings could either represent 

clades of haplotype sequences or clusters of populations grouped by allele frequency. 

(b) Colonisation history 

If sufficient structure is discovered within parasitoid intraspecific phylogenies, it may be 

possible to examine whether a certain refugium is basal and so a possible origin for the 

species. The following are possible alternative hypotheses: 

Ho = refugial populations are connected by a polytomy within which no specific refuge is 

identified as basal to the others. 

Hi = Turkish populations basal, with more western populations most derived, ie the 'Out 

of Anatolia' hypothesis. 

H2 = Italian populations basal, with more eastern and western populations derived. 

113 = Iberian populations basal, with more eastern populations most derived. 

Evidence of Hi, a similar structure to that observed for the gall wasp hosts, would 

provide support for the 'Out of Anatolia' hypothesis (Rokas et al 2003a), suggesting a 

shared community origin with entry into Europe from the east (see Figure 4.2 below). 
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region not only contains high species richness, but may also represent a centre of genetic 

diversity for many taxa that are traditionally regarded as European. An aim of this 

Chapter is to assess the extent to which Anatolia represents a possible origin of genetic 

diversity across trophic levels in oak gall communities, and hence a 'cradle' (sensu 

Chown & Gaston 2000) for the entire trophic unit. If supported, such a pattern should 

stimulate the application of multispecies phylogeography to other communities. 

One of the most intriguing questions in ecology is the degree to which species occur 

together in ecosystems as a result of specific assembly rules (Diamond 1975, Weiher & 

Keddy 1999). In order to test predictions regarding the existence of common rules in 

community assembly, ecologists typically pick what they assume to be replicate (ie 

statistically independent) communities for comparison. If specific patterns are replicated 

between communities, this is taken as evidence of the validity of the rule in question. 

However, the problem with this approach is that communities may show similar patterns 

not due to some underlying rule, but because they are linked by phylogeny (they are 

phylogenetically related) and therefore not truly independent. Thus, in order to 

investigate the existence of rules of community assembly through the comparative 

method, it is first necessary to establish the extent to which the communities under 

consideration are related by descent. The only means of doing this is through formal 

examination of community phylogeny. 

4.3.2 Question 2. Host-mediated structure 

Little is known about host-mediated structure in parasitoid populations. However, as 

outlined in the introduction to this thesis, oak gall wasp communities are characterised by 

an abundance of generalist parasitoids that occur in sympatry, and theory predicts 

partition of these apparent generalists (Thomson & Cunningham 2002). The possible 

existence of host races is highly important for the way in which we look at community 

ecology. Interpretation of community function on the basis of foodwebs depends 

critically on whether generalist parasitoids are true generalists or whether they actually 

consist of a series of specialist ecotypes. Generalists link many hosts together in a 

foodweb, and have the potential to mediate apparent competition among shared hosts 

within a single large foodweb compartment. Alternatively, the existence of host races 

would imply a set of smaller subcompartments within which only a subset of the hosts 

could interact. 
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Host gall recognition by parasitoids may occur by scent, vision, touch or all of these, and 

a number of possible factors exist by which apparently generalist oak gall wasp 

parasitoids may be structured into host races. Plant structures release complex volatile 

chemicals, some of which are known to have an attractant effect on parasitoids (Tunings 

et al 1995, Takabayashi & Dicke 1996). Volatile signature might vary between gall 

species, or alternatively be dependent upon the host oak or gall location. Different gall 

species certainly have different appearances, with shape, colour and the presence of 

surface characteristics varying widely. Given this diversity, parasitoid host races could be 

structured according to any of these traits. If partitioning of generalist species does occur, 

we would expect to see correlation between these traits and certain haplotypes or allele 

frequencies in intraspecific phylogenies (see section on methods 4.5). 

In this study, the existence of host races will be examined at three levels: oak section 

(Cerris or Quercus, see Chapter 1), gall location, and gall morphology. Host oak section 

is a level that previous results have already suggested might be important (Acs et al. 

2002), whereas the importance of gall location and morphology have yet to be 

demonstrated. The following alternative hypotheses are outlined for population 

subdivison according to key gall traits, conforming to a possible hierarchy of parasitoid 

search ques (see Chapter 1): 

Ho = no population substructure 

Hi = substructure by oak section 

H2 = substructure by gall location 

113 = substructure by gall morphology 

H4 = substructure by gall species generation 

These hypotheses are not mutually exclusive and it is possible that population 

substructure could occur according to a hierarchical organisation of these traits. This 

possibility seems particularly likely if parasitoids respond to a set order of cues during 

host location. 

Determining host races superposed on phylogeo graphic structure 

Our ability to detect refugial structure in contemporary parasitoid populations will 
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depend upon the dispersal ability of the parasitoids. If they are highly efficient dispersers, 

it is possible that any purely refugial structure once present may have been erased due to 

gene flow between populations. Host-mediated structure should not be affected by 

dispersal ability due to the continued action of structuring processes. 

In light of these considerations, a series of predictions regarding the possible structure of 

parasitoid populations is made below: 

(i) Null hypothesis Ho: 
Generalists & good dispersers 

abcd —123 

(iii) H2: Generalists & poor dispersers 

(ii) Hi: Specialists & good dispersers 

a— 123 

b - 123 

c - 123 

d - 123 

(iv) H3: Specialists & poor dispersers 

1 —abcd 

	

2— a b c d 
	

2 

	

—abcd 
	

3 

Figure 43 Hypotheses of population subdivision with respect to refugia, presence of host races, 

and dispersal ability. Bold lines indicate monophyletic lineages (not single haplotypes). The letters 

a,b,c,d represent lineages originating from galls differing according to a certain trait (oak tree host, 

gall location or morphology). The numbers 1,2,3 represent lineages from different refugia. 

Numbers or letters written in line indicate refugia or host associations that are not genetically 

differentiated. 

Scenario (i) represents the expected pattern should parasitoids be generalists and good 

dispersers. In such a case, any refugial structure that once existed has been erased, and no 
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structure is exerted by host gall traits because the parasitoids are true generalists. The 

resultant pattern will be no clear phylogenetic distribution of either refugial membership 

or host gall characteristics. 

Scenario (ii) depicts the pattern we expect if parasitoids are specialists and good 

dispersers. In such a case, any refugial structure has been erased and population structure 

is imposed solely as a result of the important host traits. If this scenario were correct, we 

would expect to see the existence of genetic subdivision correlating with the number of 

host traits of importance. 

Scenario (iii) corresponds to what we expect if parasitoids are generalists and poor 

dispersers. Under such a scenario, we expect a number of lineages (eg haplotypes) 

corresponding to the pattern of putative refugia, with no further structure imposed by 

host-mediated effects. 

Scenario (iv) represents the most complex situation, with structure occurring as a result 

of putative refugia and host effects. This pattern is expected if parasitoids are specialists 

and poor dispersers. 

These scenarios represent simplified versions of what we might expect to see given 

different combinations of structuring forces. It is quite possible that the resultant pattern 

in the actual data will not be as clear, and could lie somewhere between different 

scenarios (see methods section 4.5). However, in such a case the predictions will still act 

as a useful guide to aid interpretation of the data. 

In addition to the above considerations, an important point is that predictions for the 

assortment of nuclear and haplotype markers differ depending on how host races are 

structured for the parasitoid in question. In the two most extreme scenarios (no host 

races, or long-lived host races), there will either be extensive gene flow between 

parasitoids associated with all hosts at a given site (no host races), or alternatively 

parasitoids will be divided into long-lived host specific lineages that attack subsets of the 

host range. Nonexistence of host races would be identified by the absence of significant 

host-associated genetic structure for any marker, and the existence of long-lived host 

races by nuclear and mtDNA data that reveal congruent signals of genetic-substructure 

consistent across different localities. However, it is also possible for substructure to exist 
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due to short-lived local assortative mating among population subsets, or as a result of 

female host specificity without assortative mating. In the first of these cases, parasitoid 

subpopulations at a given locality would differ in microsatellite allele frequencies but 

would not necessarily constitute monophyletic haplotype clades, and patterns of 

subdivision may differ among localities. In the second case, substructure would be 

detected for haplotype sequences but not for nuclear markers. 

4.3.3 Question 3. Recruitment of parasitoids in the invaded range 

There are three possible mechanisms of recruitment of parasitoids attacking invading 

host-alternating gall wasps in the invaded range: pursuit, host-shift and (for the UK) 

introduction. These possibilities are not mutually exclusive since parasitoid populations 

in the invaded range could have arrived via a combination of routes. The significance of 

each of the hypotheses is discussed in turn below. 

Pursuit 

The pursuit hypothesis represents the possibility that parasitoid populations followed 

invading host-alternators from their origin in the south. Invading host-alternating gall 

wasps in northern continental Europe are thought to have originated from the Balkans 

and/or Italy. However, parasitoids may have pursued the gall wasps from one or more 

origins. For example, parasitoids may have escaped from refugia to which their natural 

hosts are restricted by 'hitchhiking' on invaders, as already demonstrated for 

Megastigmus stigamtizans in Chapter 3. The pursuit hypothesis thus comprises the 

following possibilities: (a) pursuit from the Balkans, (b) pursuit from Italy (c) pursuit via 

host shift from Iberia. Here I extend the analysis to another two parasitoid species, and 

examine whether it applies to the UK in addition to continental Europe. 

If natural enemies can pursue introduced hosts into new ranges, it means that current 

limits to distributions are not restricted by environmental conditions but are a result of 

host distributions. In other words, their 'physiological envelope' is actually much bigger 

than is implied by their native range. Inbuilt physiological plasticity is of interest given 

global warming and the impact of invasions. Predictions regarding the impact of global 

warming on changes in animal distributions are commonly made by examining the 

maximum and minimum temperatures at species northern-most range limits, and 
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interpolating where the corresponding isotherm will move to following a change in 

climate. The new location of the isotherm is then taken to be an estimate of the future 

range limit of the species (Pearson & Dawson 2003). These predictions are based on 

climate being the factor that limits species distributions. However, if pursuit of invasive 

plant hosts following introduction is common, this suggests that it is host distribution and 

not physiology that limits the spread of animal communities based on plant hosts. 

Host shift 

For parasitoids that are native to northern Europe and the UK, host-shifts to invaders 

from native gall wasp communities are a possible alternative form of recruitment. Oak 

gall parasitoid diversity in Europe decreases from north to south, and the set of 

parasitoids present in the north are a subset of those found in putative refugia. Therefore, 

in principle all parasitoid species found in the native range have the potential to pursue 

invading gall wasps. However, the host-shift hypothesis is only applicable to species 

native to northern Europe and the UK prior to the invasion of the host-alternators. If host-

shifts are shown to have happened, this will demonstrate that parasitoids can recruit to 

novel host gall phenotypes over very short timescales. 

Introduction 

The last hypothesis of origin is accidental introduction during mass importation of 

Andricus kollari during the 19'  Century. A. kollari was first recorded in the UK in 1834 

following importation of galls for use in the dye or ink industries in the Exe Valley, 

Devon (Smith 1854, Parfitt 1856, Lindley & Moore 1870, Walker et al 2002). It appears 

to have established itself quickly after introduction (Walker et a! 2002), and large 

numbers are documented to have occurred in Devon soon after the time of introduction 

(Smith 1861). Indeed, one common name by which it was known amongst British 

entomologists at the time is the 'Devonshire gall' (Walker 1874). 

Haplotypes for A. kollari sampled in the UK include some not sampled anywhere else in 

Europe (Stone, unpublished data). This suggests that British A. kollari may originate 

from lineages that escaped from galls from a region outside Europe that has not yet been 

sampled. If A. kollari managed to escape from imported galls, it is highly likely that other 

inhabitants would also have escaped. For this scenario to be a possible explanation for 
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the presence of parasitoids within invading gall species in the UK, the parasitoids in 

question would have had to be present in the putative origin of the imported A. kollari 

galls. The precise origin of A. kollari imported into the UK is unknown, but is almost 

certainly located close to the shipping point in the eastern Mediterranean. Sampling of 

parasitoid communities from Iran has shown that many of the species present in western 

Europe have distributions at least as far east as Iran. Therefore, it is reasonable to assume 

that most of the common species of parasitoid will also have been present in the imported 

galls. 

If introduction is indicated, it will demonstrate that whole food web compartments can be 

transplanted and still function. If it is not supported, this will suggest either that not 

enough parasitoids were imported, or that they could not persist in the UK. This is of 

broader significance for the introduction of biocontrol agents from widely different 

physiological regimes. The presence of parasitoid lineages originating from imported 

galls will also suggest that current species distributions are of little use in predicting 

changes in distribution because of global warming. 

Discriminating between the various hypotheses 

The ability to identify the putative origins of parasitoids in invading gall wasps in the UK 

depends on the existence of region-specifc haplotypes. Presence in the UK of a haplotype 

characteristic of a certain European refugium that was traceable back across continental 

Europe would suggest pursuit from the corresponding refugium. Host shifts from native 

UK communities could potentially be identified by the presence of UK specific genetic 

variants in the invading gall wasps, and introduction would be suggested by the existence 

of a novel hapoltype not seen elsewhere in Europe for populations sampled from the UK. 

Alternatively, depending on the level of resolution present in the mtDNA haplotype 

marker, differences may only be visible in haplotype frequency as opposed to region 

specific haplotypes. This point is particularly pertinent for the host shift hypothesis, given 

that 'native' British parasitoid populations can only have existed in the UK for up to 

about 8000-10,000 years at most, the presence of UK specific haplotypes, for example 

although possible, is unlikely. 
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4.3.4 Question 4. Evidence of cryptic taxa 

Results from the study of Acs et al (2002) suggest that the oak gall wasp parasitoid 

Eurytoma brunniventris might consist of multiple sibling species. The Eurytoma rosae-

group is characterised by morphological uniformity (Claridge & Askew 1960) and no 

identifiable morphological differentiation has been found within E. brunniventris. In their 

study, Acs et al. (2001) examined 10 E. brunniventris specimens from five gall species 

and uncovered three species groups based on RAPD analysis (Random Amplification of 

Polymorphic DNA). A copy of their results is replicated below in Table 4.1. The species 

groups identified were split as follows: Andricus lucidus, A. glutinosus, A. coriarius: 

group I. A. multiplicatus: group II. Aphenlonyx cerricola: group III. These groups appear 

to be structured primarily according to host oak section, with further division by host gall 

species for the groups on section Cerris. 

Table 4.1 Species groups identified by Acs et al (200 1) 

Host gall sp. 	Host oak section Group 

Andricus lucidus Quercus 
Andricus glutinosus Quercus 	 I. 
Andricus coriarius Quercus 
Andricus multip/icatus Cerris 	 II. 
Aphelonyx cerricola Cerris 	 III. 

As mentioned above, these are preliminary results based on an extremely small sample 

size. Here I investigate the possible existence of cryptic species in E. brunniventris in 

more detail, anl ask the following questions: 

is this finding upheld with respect to mtDNA haplotype data? 

if so, do the data suggest subdivision into cryptic species, or is genetic divergence 

more representative of that expected for host races? 

and, are certain gall traits associated with different groupings? 

The possibility of uncovering cryptic species in the other parasitoids also exists, 

particularly for M. dorsalis, which in common with E. brunniventris has a very large host 

range. It is important to investigate the possible existence of cryptic species, so that it is 

clear that similar biological entities are being examined when species are compared. 
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4.5 Methods 

4.5.1 Selection of parasitoids 

In the initial stages of research for this thesis, a range of parasitoid species were targeted 

for study. These included: Ormyrus nitidulus and 0. pomaceus (Ormyridae), Sycophila 

biguttata and Eurytoma biguttata (Eurytomidae), and Torymus auratus, T.. cyaneus 

Megastigmus stigmatizans and M. dorsalis (Torymidae). These species display a range of 

biologies and were selected to allow comparisons within and between different genera 

and families. For example, Sycophila bigutatta is one of the few endoparasitoids in oak 

gall wasp communities and because of the tighter host association endoparasitism 

implies, it could have been an interesting species in which to investigate the presence of 

host races. However, in the end it was necessary to focus on a subset of these for various 

limiting factors (time, money, and the availability of samples from a range of locations 

and gall hosts), which given the available diversity of oak gall wasp parasitoids only 

represent a small proportion of available taxonomic and life history diversity. Therefore, 

the questions posed above are examined with reference to the following three oak gall 

wasp parasitoids: Megastigmus stigmatizans, M. dorsalis and Eurytoina brunniventris. 

These consist of two widespread generalists (M. dorsalis and E. brunniventris) and one 

southern specialist (M. stigmatizans). M. dorsalis and E. brunniventris are very common 

and widespread in oak gall wasp communities, and are therefore important parasitoids for 

consideration. M. stigmatizans is more rare and represents a different life history strategy, 

thus providing a contrast. The biologies of the species and further reasons for including 

them in this study are now discussed in more detail: 

Megastigmus stigmatizans 

M. stigmatizans is a large idiobiont ectoparasitoid (see Chapter 1) of the gall former, 

recorded from the galls of 14 oak gall wasp species (Askew et al. 2005). The majority of 

its hosts are large host-alternating members of the genus Andricus, however, it has been 

reared very occasionally from 2 Cynips species. M. stigmatizans has only one generation 

a year and always attacks its hosts during their asexual generation on section Quercus 

hosts. Since all galls attacked are on section Quercus hosts, the possible impact of oak 

host on population structure will not be examined for this species. Two of the invading 
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gall wasps that have reached the UK, Andricus kollari and A. quercuscalicis, are common 

hosts of M. stigtnatizans. 

Figure 4.4 A female M. stigmatizans specimen 

M. stigmatizans native range in Europe is restricted to areas corresponding to putative ice 

age refugia in the south. However, it has recently expanded its range to northern Europe 

(see Chapter 3) and has been recorded in the UK from the 19 "  Century (Walker 1874). 

M. stigmatizans lineages sampled from invading gall wasp hosts in the UK could thus 

have originated by either pursuit or introduction. Recruitment is not a possibility since M. 

stigmatizans is not a native parasitioid in northern Europe. Introduction is a possible 

source of M. stigmatizans since it was probably introduced to the UK alongside its host 

A. kollari during the 19111  Century (see above). All specimens of M. stigmatizans sampled 

from the UK in this study originated from Holcombe down in Devon. In fact, this is the 

only place known in which M. stigmatizans can be found in the UK, and the location is 

tied in with what is known about the importation history of A. kollari. Records of large 

numbers of M. stignatizans having been reared from galls collected in southern England 

appear in the latter part of the 19 '  Century and it is reported to have been common in 

certain localities at this time (Walker 1874, Fitch 1880). However, it is now extremely 

rare in the UK, and in a study during which 38,901 A. quercuscalicis galls were collected 

from locations around the country and the inhabitants reared, only a single specimen of 

M. stigmatizans was recovered (Schonrogge et al 1996), which originated from a gall 

collected on Holcombe Down. 
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As discussed in Chapter 1, mature gall traits are not relevant to all parasitoids. However, 

M. stigmatizans is one parasitoid where this does apply, since it attacks late in gall 

development, so final gall traits for those that change (gall morphology & resource size) 

are relevant to considering host choice. Therefore, it makes particular sense to look at the 

correlation between haplotypes and gall traits for M. stigmatizans. This is not true for M. 

dorsalis or E. brunniventris. 

Figure 4.5 A female M. dorsalis specimen 

Me.astigmus dorsalis 

M. dorsalis is closely related to M. stigmatizans, but is smaller and has a much wider host 

range, having been reared from 42 different species of oak gall, including many non host-

alternating species (Schonrogge & Askew, in press). M. dorsalis is also an idiobiont and 

parasitises both gall inducers and inquilines. It has two generations a year, and attacks both 

spring and summer generation galls. Because it is native to northern Europe, individuals 

reared from invading gall inducers found in this range could be traced to either: (a) lineages 

that pursued the gall inducers, (b) lineages that were recruited from native populations, or (c) 

lineages that are descended from introduced galls, or a combination of these. M. dorsalis thus 

allows testing of all three hypothesis of recruitment to invading gall wasp hosts. It was also 

specifically selected to allow testing of the host race hypothesis between congeneric 

specialists and generalists, with the expectation of less subdivision in M. stigmatizans. 
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Figure 4.5 A female E. brunnh'entris specimen 

Eurvtoma brunniventris 

E. brunniventris is of special interest in this study for two reasons. Firstly it is even more 

generalist than M. dorsalis, with 77 recorded host species of oak gall wasp (Schonrogge & 

Askew, in press) and also has a native range including northern Europe. Therefore, it was 

selected to allow testing of all three alternative hypotheses for enemy recruitment in northern 

Europe as a replicate with M. dorsalis. Secondly, it was selected because it is part of a 

possible cryptic species set which molecular tools could help to dissect (see also Chapter 6). 

E. brunniventris differs from the other parasitoids considered here in that it is able to mature 

by feeding solely on plant tissue. It can also act as a facultative hyperparasitoid and cannibal 

(Askew 1999). Furthermore, it is reputed to feed mainly on inquilines and seldomly on 

cynipid gall inducers (Claridge & Askew 1960). This is of relevance, since if E. brunnivenrris 

only attacks inquilines close to the surface of a gall, it might be less sensitive to host gall 

traits. Therefore, in contrast to M. stigmatizans the relevance of mature gall phenotypes is 

something that needs to be considered for E. brunniventris and M. dorsalis. 

4.5.2 Analysis 

Lab techniques and phylogenetic analyses were carried out as outlined in Chapter 2 of 

this thesis. Outgroups were selected from available material to be closely related to the 

ingroup. For M. stigmatizans these were M. dorsalis, M. synophri and Toryrnus auratus. 

For M. dorsalis outgroups were: M. dumicola, M. synophri and Torvmus auratus. For E. 

brunniventris outgroups were: M. dorsalis, Torymus auratus and Eurytoma pistacina. 
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As described in Chapter 2, the hypotheses discussed above were initially to have been 

tested using a combination of nuclear and mtDNA markers. However, for reasons 

discussed in Chapter 2, only haplotype data were available and specific points refer to 

this data type. 

The hypotheses discussed above predict ideal distributions of haplotypes across 

characters, and very strong patterns may be so obvious that they do not need formal 

statistical testing. Where character distributions are less obvious, hypothesis testing can 

be approached in two ways: (a) we can ask whether haplotype partitioning across 

characters is perfect by investigating whether a single haplotype is associated with 

multiple character states (eg two refugia or two gall locations etc). If this is true it means 

either that perfect population subdivision does not exist for this marker or that sorting of 

ancestral polymorphism conceals such structure. (b) We can ask if the correlation 

between genetic distance and specimen character states is significantly non-random. I 

became aware of the existence of this group of methods too late in my thesis to apply 

them, but I discuss them here because of their importance. Two similar approaches to 

answering this question are Mantel tests and analysis of similarities (ANOSIM), both of 

which are forms of matrix correlation test. 

The Mantel test (Mantel 1967, Mantel & Valand 1970) is used to test the correlation between 

two distance matrices and is commonly implemented in the population genetics computer 

program Arlequin (Schneider et a! 2000). As an example, to test if genetic distance were 

correlated with geographical distance, the matrices required would be genetic distance 

between haplotypes and geographical distance between the sample locations of haplotypes. A 

correlation coefficient is calculated for these matrices, the columns and rows within one of the 

matrices are permutated, and the correlation coefficient is recalculated. Significance is 

measured as the number of times the permutated coefficient exceeds the original correlation 

coefficient. The logical basis of the test is that if the null hypothesis (no significant 

correlation) is correct, then permutation of the matrix should be equally likely to result in a 

larger or smaller correlation coefficient 

ANOSIM (Clark 1993) uses rank similarities among replicates contained within a certain 

grouping and rank similarities from all pairs of replicates between different groupings to 

calculate a test statistic. This test statistic is then compared to a recomputed statistic 
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calculated for a permutated data set. Under the null hypothesis (no significant difference 

between groups), permutation is expected to result in little effect (on average) to the value of 

the test statistic. In this way the test indicates the degree to which points within the same 

groupings have closer biological similarity to each other than average levels of similarity 

occurring across the wider dataset. ANOSIM is usually implemented using the computer 

package PRIMER (Clarke & Gorley, 2001). 

The Mantel test and ANOSIM work in a similar way, but test slightly different things. In 

a Mantel test the correlation between two matrices is measured. An ANOSIM tests how 

well an imposed grouping explains the variation in the real data, using the average 

distance between data points within each imposed class, and the average distances 

between classes. An important limitation associated with the use of the Mantel test is that 

it can only cope with distance data. Binary gall traits such as presence or absence of 

surface spines are compatible with representation as distance, however, traits such as gall 

location are not amenable to such an approach. Therefore, the ANOSIM would be the test 

of preference for the data applicable in this study. 

An alternative approach to conducting character-by-character analyses, would be to 

conduct a multivariate analysis. This could be applied in order to examine if groups of 

gall traits have a combined effect that it is not possible to pick up when examining gall 

traits individually. A commonly implemented example being Principal Components 

Analysis (PCA), often conducted using the program Statistical Package for Social 

Sciences (SPSS)(SPSS inc. 1999). PCA looks for a pattern in multivariate data 

by attempting to reduce the dimensionality inherent within the data, as summarised by a 

series of principal components. 

Character by character analyses are easy to interpret, but risk a type II error since they 

may miss complex patterns. However, even when detected, these patterns can be very 

hard to interpret. Furthermore, such analyses might prove unnecessary if more simple 

analyses reveal strong patterns. 

4.5.3 Sampling design 

Specimen selection requires sampling of host galls (a) distributed across appropriate 

putative refugia and (b) showing diversity in the gall traits whose impact on parasitoid 
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population structure I wish to assess. In this study hosts were selected from a catalogue 

by Dr K Schonrogge & Dr RR Askew (Schonrogge & Askew, in press), and scored by 

the following gall trait categories: 

putative refugia: Iberia, Italy, the Balkans, eastern Turkey, Western Turkey 

oak section: sections Quercus, Cerris 

gall location: bud, acorn, leaf, catkin, shoot, root 

gall morphology: presence or absence of surface spines 

gall morphology: presence of absence of surface glue 

gall morphology: presence or absence of an internal airspace 

The following discussion illustrates sampling design for M. stigmatizans. The intention is 

to show a priori host gall selection for the hypotheses to be tested and the inevitable 

compromise associated with sampling from the real world. A similar approach, though 

not summarised, was applied for the other two parasitoid species. 

Host gall species are identified by the following abbreviations: 

ac = Andricus coriarius 
acm = A. caputmedusae 
an = A. coronatus 
ad = A. dentimitratus 
ag = A. glossulariae 
ah = A. hungaricus 
al = A. infectorius 
ak = A. kollari 
al = A. lucidus 
a  = A. pictus 
aqc = A. quercuscalicis 
aqt = A. quercustozae 
clv = Cynips Ion giventris 
cqf = C. quercusfolii 

The following tables show known recorded hosts by refuge and character states. The aim 

was to balance sampling across refugia, and within each refugium to sample adequate 

numbers of parasitoids from hosts showing the full diversity of gall location and 

morphology character states. Numbers in brackets indicate the actual numbers of samples 

obtained from each host gall and treatment (refugium, gall location, etc). M. stigmatizans 

only attacks hosts on section Quercus oaks, therefore, oak section is not considered here. 
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Plate. 4.1 Recorded hosts of M. siiRnvui:ans. Al] are asexual generation galls. From left to right, by 
rows down the figure, the galls are Andricus caputmedusac, A. coriarius, A. coronarus, A. 
dentimitratus, A. hungaricus, A. ko/lari, A. lucidus, A. picrus, A. quercuscalicis, A. quercustozae, 
Cynips Ion given rris and C. quercusfolii. 
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Table 4.2 Known hosts for M. stigmatizans, separated by putative refugia. 

Numbers in brackets show actual numbers of specimens sampled 

Iran (1) 	Iberia (18) 	Italy (13) the Balkans (10) Turkey (8) N. Europe/UK (33) 
aqt(1) 	ac 	acm(2) 	acm(5) 	acm(2) 	ac 

ad 	ak (3) 	ac 	 ad (2) 	acm 
ak (14) 	aqc 	an 	 ak (2) 	ad 
ap 	aqt (5) 	ak (3) 	aqt (2) 	ak (27) 
aqt (4) 	ai (1) 	ah 	 aqc (6) 

ag (1) 	al 	 aqt 
ad (1) 	aqc (2) 

aqt 
clv 
cqf 

Table 43 Known hosts for M. stigmatizans, separated by gall location. Numbers 

in brackets show actual numbers of specimens sampled 

Bud (63) 	Acorn (20) 	Leaf (0) 
ac 	 acm (9) 	Clv 
an 	 ad (3) 	Cqf 
ak (49) 	al 
ah 	 ap 
al 	 aqc (8) 
aqt (12) 
ai (1) 
ag (1) 

Table 4.4 Known hosts for M. stigmatizans, separated by presence or absence of 

surface spines. Numbers in brackets show actual numbers of specimens sampled. 

SDines 

With (10) 	Without (73) 
acm (9) 	an 
ac 	 ad (3) 
al 	 ak (49) 
ag (1) 	ah 

ap 
aqc (8) 
aqt (12) 
ai (1) 
clv 
cqf 

Table 4.5 Known hosts for M. stigmatizans, separated by presence or absence of a 

sticky surface. Numbers in brackets show actual numbers of specimens sampled. 

Sticky surface 

With (33) 	Without (50) 
an ac 
ad (3) ak (49) 
acm (9) ai (1) 
al clv 
ap cqf 
aqc (8) 
aqt (12) 
ag (1) 
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Table 4.6 Known hosts for M. stigmarizans, separated by presence or absence of an 

internal airspace. Numbers in brackets show actual numbers of specimens sampled. 

Internal airspace 

With (23) 	Without (60) 

an acm (9) 
ad (3) ac 
ah ak (49) 
ap al 
aqc (8) ai (1) 
aqt (12) ag (1) 

clv 
cqf 

Table 4.7 Diversity of host gall species sampled for M. stigmatizans. Numbers in 

brackets show actual numbers of specimens sampled. 

SDeCieS 

Gall species (83) 

ac (0) 
acm (9) 
an (0) 
ad (3) 
ag (1) 
a  (0) 
al (1) 
ak (49) 
al (0) 
ap (0) 
aqc (8) 
aqt (12) 
clv (0) 
cqf (0) 

Consequences of incomplete sampling 

Samples from as many hosts and refugia as possible were reared from my own and other 

collections. Full details of all sampling locations and hosts are provided in Table 4.10 

below. However, Tables 4.2-4.7 show that whilst sampling across refugia is relatively 

balanced, sampling across hosts and host characters within refugia is weak. This means 

that if refugial structure is strong, detection of host races within refugia (see hypothesis 4, 

Figure 4.1) may be difficult or impossible. For gall location the only contrast available 

from sampled hosts is between bud and acorn. M. stigmatizans is extremely rare in leaf 

galls (Cynips quercusfolii, C. longiventris) and none were collected. The bud sampling is 

heavily influenced by samples from one host (A. kollari 49/62) so gall location may be 

confounded with other traits of this specific host gall. If refugial structure exists then no 

gall location analysis is possible for Iberia since all host galls are on buds. For gall 

morphology: (i) Spines - a contrast is possible but sampling is heavily biased towards 
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parasitoids reared from host galls without spines (73/83) (ii) sticky surface - sampling is 

relatively balanced between galls with and without a sticky surface, but 49/50 parasitoids 

reared from non-sticky galls are from a single host (A. kollari). (c) Internal air space - 

sampling allows contrast between these two states, but sampling is heavily biased in galls 

without an internal air space by samples reared from A. kollari. Having noted these 

limitations in available data, improvements in taxon sampling remain an important issue 

for this parasitoid. 

Summaries of host gall traits sampled for M. dorsalis and E. brunniventris are now 

provided, and full details of all sampling locations are given in Tables 4.11 and 4.12 

respectively. 

Table 4.8 Summary of gall traits sampled for M. dorsalis. Numbers 

in brackets show actual numbers of specimens sampled. 

Host gall species Oak section Location on tree 	Spines 	Sticky surface 	Internal airspace 

Andricuscoriarius (16) Quercus bud 	 - 	- 	 - 
Andricus grossulariae (6) Quercus multiple 	+ 	+ 	 - 
Andricushungaricus  Quercus bud 	 + 	- 	 + 

Andricuskol/ari (13) Quercus bud 	 - 	- 	 - 
Andricus lignicola  Quercus bud 	 - 	- 	 - 
Andricus lucidus (4) Quercus bud 	 + 	+ 	 - 

Synophruspolitus (2) Cerris multiple 	 - 	- 	 - 

Table 4.9 Summary of gall traits sampled for E. brunniventris. 

Numbers in brackets show actual numbers of specimens sampled. 

Host gall species Location on tree Oak section 	Spines 	Sticky surface 	Internal airspace 

Andricus conglomeratus  bud Quercus 	- 	- 	 - 
Andricuscoriarius (2) bud Quercus 	+ 	- 	 - 

Andncus coronatus  bud Quercus 	- 	+ 	 + 
Andricus infectorius  bud Quercus 	- 	- 	 - 

Andricuskollari (8) bud Quercus 	- 	- 	 - 
Andncuspolycerus  bud Quercus 	- 	- 	 - 

Andricus quercusfozae (7) bud Quercus 	- 	+ 	 + 
Aphelonyxpersica  shoot Cerris 	-. 	 - 	 - 

Cynips quercus (7) leaf Quercus 	- 	- 	 - 
Cynips quercusfolii (2) leaf Quercus 	- 	- 	 - 

Trigonaspissynaspis (2) leaf Quercus 	- 	- 	 + 

As for M. stigmatizans, for consideration of the above questions it was necessary to 

include specimens for each species from a wide range of refugial and northern European 

locations. It was also necessary to include as many specimens as possible from each 

putative refugium, balanced across available hosts to allow analysis of the impact of the 

host traits of interest. Constraints on specimen selection meant that it was not always 

possible to include all the specimens preferable in each case. Precise specimen locations 

for the parasitoids used in this study are provided in Tables 4.10, 4.11 and 4.12 below. 
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Table 4.10 Sample site details for Megastigmus stigmatizans specimens. Haplotype 

refers to the haplotype number designated below (see table 4.13). 

Megastigmus stigmatizans 

Host gall Sp. Country Site name Latitude Longitude Haplotype 

Andricus caputmedusae Hungary Godollo 47°36'ON 19°19'48E Hi 
Andricus caputmedusae Hungary Balaton 46° 57' ON 17° 52'60E H2 
Andricus caputmedusae Hungary Eger 47°53'60N 20°2260E H6 
Andricus caputmedusae Italy Gargnano 45 0  40'60N 10° 40' OE H9 
Andricus caputmedusae Italy Gargnano 45 0  40'60N 10° 40' OE H10 
Andricus caputmedusae Turkey Egirdir 41°1'ON 35°54'OE H18 
Andncus caputmedusae Turkey Suluova 400  50' uN 35° 38 34E H29 
Andncus caputmedusae Austria Vienna 41°i'ON 350 54'OE H30 
Andncus caputmedusae Hungary Eger 47°53'60N 20°22'60E H32 
Andricus caputmedusae Turkey TOkat 39°  12 14N 29° 8'21E H33 
Andricus caputmedusae Turkey Suluova 40° 50' uN 35° 38' 34E H34 
Andricus dentimitratus Turkey Beybesli 41°1'ON 35°54'OE H2 
Andricus dentimitratus Italy Gargnano 451  40'60N 100  40' OE His 
Andricus dentimitratus Turkey Beybesli 41°1'ON 35 1 54'OE H29 
Andricus grossularlae Italy Greve 43°3448N 11°1912E H16 

Andricus infectorius Italy Cilento 390  58 60N 15° 43' OE ' 	H14 
Andricus kollari France Vannes 47°40'ON 2°45'OW H2 
Andricus kollari Hungary Godollo 47°36'ON 191 19'48E H2 
Andricus kollari Britain Teignmouth 50° 32' 60N 3° 28' OW H2 
Andricus kolla,i France St Maio 480 38'60N 2°1'OW H2 
Andncus kollan Britain Teignmouth 50° 32' 60N 30  28' OW H2 
Andricus kollari Britain Teignmouth 50° 32' 60N 3° 28' OW H2 
Andricus kollari France Nantes 470 13'48N 1 134'48W HZ 
Andricus kollarj France Nantes 47°13'48N 1°34'48W H2 
Andncus kollari Britain Teignmouth 50° 32'60N 3° 28' OW H2 
Andricus kollan Britain Teignmouth 50° 32'60N 31  28' OW HZ 
Andricus kollan Britain Teigrimouth 500  32'60N 3 1  28' OW H2 
Andricus kollari France Perigueux 45 0 10'60N 0°43'OE H2 
Andricus kollari Turkey Refahiye 39 0 54'ON 38°45'OE H2 
Andricus kollari Hungary Sopron 47040'12N 16°34'48E H3 
Andricus kollan Hungary Godollo 470 36'ON 19°19'48E H4 
Andricus kollan Italy Pruno 43° 58'60N 10° 13' OE Hil 
Andricus kollari Italy Chiusi 43°1'ON 11 1 57'OE H12 
Andricus kollari Britain Teignmouth 50° 32'60N 3 0  28' OW H15 
Andricus kollari France Vannes 47°40'ON 2°45'OW H21 
Andricus kollari France Rennes 48°6'ON 1°40'12W H21 
Andricus kollari France Pau 43°17'60N 0022'OW H21 
Andricus kollan France Pau 43 0 17'60N O°22OW H21 
Andricus kollari France Pau 43 1 17'60N 01 22'OW H21 
Andricus ko//ari France Rennes 48°6'ON 1 04012W H21 
Andricus ko/larj Spain Olot 420 10'60N 2°28'60E H21 
Andricus koilari France Ceret 42 0 28'60N 2°45'OE H21 
Andricus kollari Spain El Escorial 40°3460N 4°9'OW H21 
Andricus kollari Spain El Escorial 40 0 34'60N 41 9'OW H21 
Andricus kollari Portugal Lagarelhos 41°2'60N 804OW H21 
Andricus kollari France Bayonne 43°28'60N 1°28'60W H21 
Andricus kollari France St Maio 48°38'60N 21 1'OW H21 
Andricus kollari France St Maio 48°38'60N 20 1OW H21 
Andricus kol/ari France Nantes 47°13'48N 1 1 34'48W H21 
Andricus kol/ari France Nantes 470 13'48N 1°34'48W H21 
Andricus kollari France Rennes 48°6'ON 1°40'12W H21 
Andrlcus kollari France Rennes 4806'ON 1°40'12W H21 
Andricus kollari Spain Sant Celon, 41 041'07N 2 1 29'57E H21 
Andricus kollan France Rennes 48°6'ON 1°40'12W H21 
Andricus kollari France Rennes 4816'ON 1 040'12W H21 
Andricus kollari France Rennes 48°6'ON 1 040'12W H22 
Andricus kol/ari France Amou 43°36'ON 0°45'OW H23 
.4ndncus kol/ari Portugal Cabeca Gorda 370 55ON 7°47'60W H24 
Andricus kollari France Ceret 4202860N 2045'OE H25 
Andricus kollari Spain El Escorial 40°34'60N 409'OW H26 
Andricus kollari Turkey Beybesli 41°1'ON 35°54'OE HZ? 
Andricus kollari Italy Pruno 43° 58'60N 10° 13' OE H28 
Andricus kol/ari Britain Teigrimouth 50° 32'60N 30  28 OW H31 
Andricus kollari Britain Teignmouth 500  32'60N 3° 28' OW H31 
Andricus kol/ari Britain Teignmouth 500  32'60N 3° 28' OW H31 

Andricus quercusca/icis Germany Ludwigsburg 50°3160N 12°25'OE H2 
Andricus quercusca/icis Hungary Sopron 4704012N 16°34'48E H5 
Andricus quercusca!icis Britain Teignmouth 500  32'60N 3°  28' OW H17 
Andricus quercusca!icis Britain Teignmouth 500  32'60N 3° 28' OW H31 
Andricus quercuscalicis Britain Teignmouth 500  32'60N 3° 28' OW H31 
Andricus quercuscalicis Britain Teignmouth 50° 32'60N 3°  28' OW H31 
Andricus quercuscalicis Britain Teignmouth 500  32 60N 3° 28' OW H31 
Andricus quercustozae Italy Gildone 41 1  31'ON 140  43'60E H7 
Andricus quercustozae Italy Greve 43°34'48N 11 0 19'12E H8 
Andricus quercustozae Italy Massa Marittima 43° 2' 60N 10 0  52' 60E H8 
Andricus quercustozae Italy Chiusi 430 1'ON 11 0 57'OE H13 
Andricus quercustozae Italy Greve 43°34'48N 11°19'12E HiS 
Andricus guercustozae Turkey K011Oce 38° 12' ON 34° 36' OE H18 
Andricus quercustozae Turkey K011Oce 38° 12' ON 34° 36' OE H19 
Andricus quercustozae Morocco Azrou 34° 31'60N 40  20' 60W H2O 
Andricus quercustozae Portugal Monchique 370  19' ON 8 0  33' OW HZO 
Andricus quercustozae Morocco Azrou 341  31'60N 4° 20' 60W 120 
Andricus quercustozae Spain Prado del rey 36° 47' 6ON 5° 32' 60W H21 
Andricus quercustozae Iran Kordestan / / H29 
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Table 4.11 Sample site details for Megastigmus dorsalis specimens. 

Haplotype refers to the haplotype number designated below (see table 4.15). 

Megastigmus dorsalis 

Gall species Country Site name Latitude Longitude Haplotype 

Mddcus coriarius Greece Pisodherion 4046'60N 21 i 5'OE Hi 
Mdricus coriarius Greece Pisodherion 4046'60N 2115'OE Hi 
Andricus conanus Greece Pisodherion 4046'60N 2115'OE Hi 
Andricus co,ianus Spain Soto del Real 40 45' ON 3 46' 48W HI 
Andricus corianus Turkey Madenli 40 53' 60N 33 15' OE H2 
Andncus co,ianus Italy San Venanzo 42 52' ON 12 WOE H2 
Andncus conanus Italy San Venanzo 42 52 ON 12 	16' GE H2 
Andricus conarius Spain Soto del Real 40 45' ON 3 46' 48W H2 
Andricus conanus Hungary Tatabanya 4 	34' ON 18 25' GE H3 
Mdricus corianus Hungary Tatabanya 47 34' ON i& 25' OE H3 
Andricus corianus Turkey Egirdir 37o 52' 12N 30 51' OE H5 
Andricus codarius Italy Massa Marittima 43 2' 6ON iG 52'60E H8 
Andricus conarius Italy Massa Mantlima 43 2'60N iO 52'60E H8 
Andricus conarius Italy Lame 45 40'60N 13 WOE H9 
Andncus conarius Italy San Venanzo 42 52' ON 12 16' GE H13 
Andrlcus co,ia,ius Spain Soto del Real 40 45' ON W 46'48W H13 

Andricus grossularlae Hungary Godollo 47*36'ON 1919'48E Hi 
Andricus grossulariae Hungary Godollo 47'36'ON I919'48E Hi 
Andricus grossulariae Italy Poppi 43 43' ON ii • 46' OE Hi 
Andricus grossulariae Turkey Niksar 40 35'24N 36 56'60E H11 
Andricus grossulariae Turkey Egirdir 37 52'12N 30 51' GE H12 
Andricus grossulahae Iran Pyran Sher 36M1'43N 458'21E H15 
Andricushungaricus Hungary Godolto 47*36'ON 191948E Hi 

Andricus kollari France Caret 4228'60N 2M5'OE HI 
Andricus kollari France Caret 4228'60N 2M5'GE HI 
Andricus kollari France Rennes 48'6'ON 140'12W Hi 
Andricus kollari France Rennes 48o6'ON 1 *40'12W Hi 
Andricus kollarl Britain Teignmouth 50 32'60N W 28' OW Hi 
Andricus kollari Britain Teignmouth 50 32'60N 3 28' OW Hi 
Andncus kollati Britain Teignmouth 50 32'60N 3a 28' OW Hi 
Andricus kollari Britain Teignmouth 50 32' 60N 3 28' OW Hi 
Andricus kollari Britain Teignmouth 50 32' 60N W 28' OW HI 
Andricus kollari Britain Teignmouth 50 32'60N 3 28' OW HI 
Andricus kollari Britain Teignmouth 50 32'60N 3 28' OW Hi 
Andricus kollari France Rennes 48'6'ON 1M0'12W H4 
Andricus kollari UK Teignmouth 50 32' 6ON 3 28' OW H7 

Andricus lignicola Germany Ludwigsburg 5031'60N 1225'OE Hi 
Andricus lignicola Hungary Godollo 4736'ON 1919'48E Hi 
Andncus lucidus Italy Castel del Alpi 4412'37N 11 *15'1 6E  H6 
Andncus lucidus Turkey Niksar 40o 35'24N 36o 56'60E H10 
Andricus lucidus Iran Shane 3332'76N 48*04'34E H14 
Andricus lucidus Iran Shane 3332'76N 4804'34E H16 

Synophruspolitus Greece Pisodherion 4046'60N 2115'GE Hi 
Synophrus politus Greece Pisodherion 4046'60N 2115'GE Hi 
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Table 4.12 Sample site details for Eurrtoma brunniventris specimens. 

Haplotype refers to the haplotype number designated below (see table 4.17). 

Euivtoma brunnivent,s 

Host gall sp. Country Site name Latitude Longitude Haptotype 

Afldncus conglomeratus Greece Chalkidiki 40' 22' 28N 23' 26'18E H9 
Andricus conglomeratus Greece Chalkidiki 40' 22'28N 23' 26' 18E H12 
Andncus con glomeratus Greece Chalkidiki 40' 22'28N 23' 26 18E H26 

Andricus conanus Hungary Matralured 47' 49'60N 19' 58' OE H5 
Andricus conanus Hungary Godollo 47'36'ON 19'1948E H7 

Andncus coronatus Spain Lerida 41 	37' ON 0' 37' OE Hi 
Andncus coronatus Spain Lerida 41' 37' ON 0' 37' OE H4 
Andncus coronatus Turkey N. Anatolia / / H11 
Andncus coronatus Turkey / I I H17 
Andncus infectonus Italy Gargnano 45'40'60N 10' 40' OE H2 
Andricus infectonus Italy Gargnano 45' 40'60N 10' 40' OE H2 
Andricus infectonus Italy Gargnano 45' 40'60N 10' 40' OE H2 
Andncus infectonus Italy Cupi 42' 58'60N 13' 5'60E H2 
Andncus infector/us Italy Cupi 42' 58'60N 13' 5'60E H2 

Andncus ko!Iari Spain Montseny 41' 46' ON 2' 23'60E H2 
Aodncus kollan Spain Montseny 41' 46' ON 2' 23'60E H2 
Andncus kollan Italy Gargnano 45'40'60N 10' 40' OE H2 
Andncus kollan Spain Montseny 41' 46' ON 2' 23'60E H3 
Andncus koilan France Nantes 47'13'48N 1'34'48W H3 
Andncuskollan France Nantes 47'13'48N 1'34'48W H3 
Andncijskol!an France Nantes 47'13'48N 1'34'48W 113 
Andr,cus kollan Hungary Godollo 47'36'ON 19'19'48E 4110 

Andncus polycerus Greece Komnina 37' 53'60N 23' 45' OE 418 
Andncus quercusfozae Italy Campora 40' WON 15' 16'60E 4119 
Andricus guercustozae Portugal Vita de Ala 41' 36' ON 7' VOW H22 
Andricus quercustozee Portugal Vila de Ala 41' WON 7' VOW H23 
Andricus quercustozae Portugal Vita de Ala 41' 36' ON 7' VOW H23 
Andricus quercustozae Portugal Vile de Ala 41' WON 7' lOW H23 
Andncus quercu.stozae Portugal Vita de Ala 41' 36' ON 7' 1' OW H24 
Andncus quercustozae Portugal Caneiro 40' 13' 60N 8' 190W H28 

Apheloriyx pars/ca Iran Tatineh 33'48'60N 47'56'51 N H25 
Aphelonyx pars/ca Iran Tatineh 33'48'60N 47'56'51 N 4127 

Cynips guercus Hungary Szentkut 47' 58' 60N 19' 46'60E 415 
Cyrups quercus Hungary Sopron 47' 40' 60N 16' 36' OE 416 
Cynips guercus Turkey Suluova 40' 50'11N 35' 38' 34E H13 
Cynipsquercus Turkey Tokat 39'12'14N 29'8'21E H14 
Cynipsquercus Turkey Tokat 12'14N 29' 8' 21E HiS 
Cynips quercus Turkey Cekerek 4'23N 35' 29'41 E H16 
Cynips quercus Turkey Cekerek 40' 4'23N 35' 29' 41 E H16 

Cynips quercusfolii Hungary Matrafured 47' 49'60N 19' 58' OE H5 
Cynips quercusfo!ii Hungary Matrafured 47'49'60N 19' 58' OE H18 

Tngonaspis synaspis Spain Valgallego 40'49'60N 3' 31'60W H20 
Thgonaspis synospis Spain Valgallego 40'49'60N 3' 31'60W H21 

In addition, no specimens of any species were obtained for east of the Anatolian divide in 

Turkey. Therefore, the existence of multiple refugia within Turkey cannot be investigated 

here. However, several specimens were obtained from western Iran, which lies east of the 

Anatolian divide and possibly belongs to the same putative refugium. 

Figure 4.6 Location of samples for specimens of all species obtained from Turkey 
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4.6 Results and discussion by species 

4.6.1 Megastigmus stigmatizans 

83 individuals revealed a total of 34 haplotypes for the 643 bp cyth fragment. Of the 643 

nucleotide sites examined, 35 were variable and 19 were parsimony informative. 

Corrected pairwise distances (Table 4.13) show that the distance between haplotypes is 

very low (mean=0.64%, range--0-1.98%). 

Table 4.13 Haplotypes recovered for M. stigmatizans. Numbers at the top of the table indicate nucleotide 

position from the 3' end of the fragment to a variable site. The colunm labelled f indicates the frequency 

with which each haplotype was sampled. Letters in the column labelled 'geographical location' refer to the 

country from which the specimen was sampled: T=Turkey, PzIran, H=Hungary, A=Austria, F=France 

(excluding SW France), D=Germany, U=Britain, I=Italy, B=Iberia. 

Megastigmus stigma fizans Cytochrome b haplotype table 

1 1 112222223333444444444555555556 
8867791256891 257006666799233568993 

Haplotype 	45670664905069222160369289024420257 Geographical 
number f location 

CTTAGAAAAATTGAACTGCAACTCCA TTGT TI T TA 
Haplotypel 	................................... 1 H 
Haplotype 2 	................................... 16 1, H. F, 0, U 
Haplotype3 	. . 	 . 	A 	.............................. 1 H 
Haplotype4 	............ A 	...................... 1 H 
Haplotype5 . 	 . . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	C 	. 	 . 1 H 
Haplotype6 	C ................................. 1 H 
Haplotype 7 . 	 . . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 .. 	. 	 . 	 . 	 . 	 . 	 . 	 . 	A 	. 	 . 	 . 	C 	. 1 
Haplotype8 . 	 . . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	C 	. 2 
Haplotype9 	................................ CC 1 

Haplotype 10 1 . . 	G 	. 	 . 	 . 	 . 	 . 	 . 	A 	. 	 . 	G 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	G 	......... 1 
Haplotypell I 	...... G 	. 	 . 	A 	. 	. 	G 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	G 	......... 1 
Haplotype 12 1 . G 	.....G G A 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	G 	......... 1 
Haplotypel3l 	...... G.GA. 	. 	G 	. 	A 	. 	. 	 . 	.1 	............. 1 
Haplotype 14 1 	...... G G G A 	..................C 	..... 1 
Haplotype 15 1 	...... G G G A 	. 	. 	G 	..................... 3 I, U 
Haplotype 16 T 	...... G G G A 	. 	 . 	G 	. 	 . 	 . 	 . 	 . 	G 	. 	 . 	 . 	 . 	 . 	G 	......... 1 
Haplotype 17 T 	...... G G G A 	. 	A 	...................... 1 u 
Haplotype 18 . 	 . . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	A 	.......I 	................ 2 1 
Haplotype 19 	.......... A 	....... 	... 	....... c 	....... 1 1 
Haplotype 20 	.......... A 	. 	 . 	 . 	G 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	C 	........ 3 B 
Haplotype 21 	.......... A 	. 	 . 	 . 	G 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	T 	. 	C 	........ 21 B, F 
Haplotype 22 	.......... A 	. 	 . 	 . 	G 	. 	 . 	A 	......I 	. 	C 	........ 1 B, F 
Haplotype 23 	.......... A 	. 	 . 	 . 	G 	I 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 T 	. 	C 	........ 1 B 
Haplotype24 	......... GA 	. 	. 	 . 	G 	.........I 	. 	C 	........ 1 B 
Haplotype 25 	.......... A 	.............I 	. 	C 	........ 1 B 
Haplotype26 	...... G 	. 	. 	 . 	A 	. 	. 	 . 	G 	.........I 	. 	C 	........ 1 B 
Haplotype 27 	.......... A 	.........I 	I 	............. 1 1 
Haplotype 28 1 . . 	G 	. 	. 	 . 	 . 	 . 	 . 	A 	. 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	C 	. 	. 	G 	......... 1 
Haplotype 29 . 	. . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	A 	............I 	........... 3 1, P 
Haplotype 30 . 	. . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	C 	. 	. 	 . 1 A 
Haplotype 31 	. 	. . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	C 	..... 7 U 
Haplotype 32 	C . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	G 1 H 
t-laplotype 33 	........... C 	....................... 1 1 
Haplotype34 I 1 1 
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Figure 4.7 Megastigmus stigmatizans haplotype tree for a 643 bp fragment of the cyth gene (left-hand 

side), and a phylogramatic respresentation of the same tree (right-hand side) in which branch lengths 

indicate the divergence between sequences. Filled circles indicate specimens sampled from a putative 

refugial area. Clear circles indicate specimens sampled from the invaded range. Circles with a cross 

indicate specimens sampled from Britain. Letters at the end of branches refer to the following locations: 

T=Turkey, P=Iran, H=Hungary, A=Austria, F=France (excluding SW France), D=Germany, U=Britain, 

I=Italy, B=Iberia. The term 'Central European dade' is used because the haplotypes present in this dade 

are represented predominantly by samples from central Europe, however, it is important to note the 

presence of Turkish sequences in this dade, as well as sequences derived from samples within the invaded 

range. Numbers adjacent to clades indicate Bayesian posterior probabilities. The scale bar indicates 

percentage sequence divergence for the phylogram. 
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Table 4.14 Corrected distances (in percent) with haplotype and specimen frequency per dade 

for the M. stigmatizans haplotype data 

Whole dade Eastern set 	Central European dade Italian dade Iberian dade 

	

Range 	0-1.98 	0-0.48 	 0-0.67 	 0-1.38 	0-0.32 

	

Mean 	0.64 	0.31 	 0.2 	 0.69 	0.09 

	

No. haplotypes 	34 	 4 	 14 	 9 	 7 

	

No. specimens 	84 	 7 	 36 	 11 	 30 

Haplotypes are divided into four groups labelled as follows: the Iberian dade (which 

contains haplotypes 20-26), the Italian dade (which contains haplotypes 10-17 & 28), the 

Central European dade (which contains haplotypes 1-9 & 30-34), and the Eastern 

Haplotype Set (which contains haplotypes 18, 19, 27 & 29). 

The Iberian dade contains samples collected from the Iberian putative refuge, and 

northern France in the invaded range. The Italian dade represents the Italian putative 

refuge and the UK in the invaded range. The Central European dade represents the 

Balkan, Italian, and Turkish putative refugia, and northern France, Germany, and the UK 

in the invaded range. The eastern haplotype set represents Turkish and Iranian putative 

refugia. The Italian dade contains the highest sequence differences among haplotypes 

with a mean between of 0.69% (range of 0-1.38%) uncorrected sequence divergence 

between sequences. 

The following important results are apparent: 

Within species genetic diversity is low. 

Haplotype frequency is skewed towards a small number of haplotypes (H2 & 

H21) 

Only a small number of haplotypes contribute the majority of those found in the 

invaded range (112 & H21, discussed below) 

Haplotype 2 (Central European dade) and haplotype 21 (Iberian dade) are very frequent 

(Table 4.13), accounting for 45% of all individuals sampled between them. These 

haplotypes represent most of the individuals sampled from within the non-native range 

(24/3 5 haplotypes). 
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1. Structure of populations 

(a) Evidence of refugial subdivision 

The haplotype tree illustrated in Figure 4.7 provides strong evidence for the refugial 

structure of European populations of M stigmatizans. Thus, in terms of the predictions 

made in Figure 4.1 Ho can be rejected. Three clades containing samples from putative 

refugia are supported, a 'central European dade, an 'Italian dade', and an 'Iberian dade', 

with several eastern haplotypes arising from a basal polytomy. Of the clades inferred, the 

Central European and Iberian dade are well supported, but the Italian dade is less well 

supported with a Bayesian posterior probability of only 76%. 

Italian haplotypes do not fall into just one dade, but are distributed between the Italian 

(haplotypes 10-17 & 28) and Central European clades (haplotypes 7-9). The separation of 

Italian haplotypes could be due to lineage sorting or more recent gene flow. Given the 

apparent refugial subdivision in the data and the dispersal ability of M. stigmatizans, the 

data are taken as being most compatible with Hi: the oak hypothesis, with recent 

geneflow partially disrupting the pattern, rather than H2: the gall wasp hypothesis. 

The reason for the split in Italian haplotypes is not immediately apparent. As noted in 

Chapter 1, it is possible that Italy was divided into more than one refugium during the ice 

ages. Thus, one possible cause for the observed pattern could be that northern Italian 

populations were more closely related to populations in the Balkan refuge than southern 

Italian populations. However, there is no obvious geographical separation for the 

specimens sampled, since division between Italian haplotypes in the different clades is 

not correlated with a north-south or even an east-west division (Table 4.10). Another 

possible explanation is that post-glacial geneflow between Italian and Balkan refugial 

populations either during, or subsequent to ice ages has disrupted the refugial signature in 

both groups of wasp. Italy and the Balkans are adjacent refugia, and it is easy to imagine 

a situation whereby taxa from either putative refugium could be displaced from one to the 

next, depending on their dispersal ability. Chalcids are generally small, weak-flying 

insects that are easily distributed by wind currents. Furthermore, there is evidence that 

chalcid wasps might actually deliberately use the wind as a dispersal strategy (Compton 

et a! 2000). In comparison, the dispersal ability of oaks is limited by the production of 

large seeds that are dispersed either by gravity or over relatively short-distances by 
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animals. Although oaks are wind pollinated, this has only been demonstrated over 

relatively short distances. The dispersal ability of gall wasps is probably much greater 

than that of M. stigmatizans. Andricus species have a sexual generation that are 

effectively aerial plankton (Stone & Sunnucks 1993), being both smaller and typically far 

more numerous than M. stigmatizans. The observed pattern is compatible with dispersal 

across the Adriatic via easterly winds carrying wasps from the Balkans. Thus, perhaps M. 

stigmatizans, which most probably has a dispersal ability that is less than its gall wasp 

hosts but significantly greater than oaks, shows a population structure that is effectively 

between that of the two for this reason. 

1(b) Colonisation history 

All clades in the phylogram illustrated in Figure 4.7 arise from a polytomy. Thus, Ho, the 

hypothesis that refugial populations are connected by a polytomy with no obvious basal 

group, cannot be refuted. 

The long-branch length separating haplotypes 10 and 28 from the other haplotypes in the 

Italian dade is a mystery. Also interesting is haplotype 20, which falls within the Iberian 

dade. This haplotype originates from specimens obtained from Moroccan and 

Portuguese A. quercustozae and appears to be appreciably distant to the other haplotypes 

present in Iberia. However, with reference to Table 4.13 it is apparent that this haplotype 

is distinct only due to the absence of a single thymine at position 498. This illustrates the 

limited resolution provided by the locus used for this question. It appears that resolution 

at a finer scale will be necessary before strong evidence regarding the colonisation of 

Europe by M. stigmatizans can be gained. 

2. Evidence of host-mediated subdivision 

Host oak section 

As discussed above, there is no variation in oak section for M. stigmatizans so this trait 

cannot be discussed. 

Gall location 
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Gall location is mapped onto the haplotype phylogeny for M. stigmatizans in Figure 4.8 

below. The Iberian dade shows 100% bud galling. This is probably an artifact of 

sampling since no acorn gall hosts in Iberia (Andricus pictus, A. grossulariae asex, A. 

dentimitrarus) were sampled. Several haplotypes were reared from galls that originated 

from different locations (haplotypes 2, 15, 31). This suggests that the existence of long-

lived host race lineages structured by gall location is unlikely. However, the possibility 

that gall location might exert an effect upon structuring M. stigmatizans populations 

cannot be ruled out. Host races may occur as a result of short-lived local assortative 

mating among population subsets, which would not necessarily result in mtDNA 

haplotype differentiation. In addition, it is possible that ancestral polymorphism is 

masking any underlying structure. These possibilities can only be tested using a higher 

resolution nuclear marker. 

Figure 4.8 Megastigmus stigmatizans cytb haplotype tree with gall location mapped onto 

corresponding branches 



Haplotype 19•T 

Haplotype 21ST 

HapOtype laST 

H101v002951. P 

Haplotypo 5 • H 

Haplotype 300A 

Haplotype 1 •H 

HaplOtypO2 5051 H F D.0 

Haplotype3 5H 

Haptotype 4 • H Central 

Haptotype 310 U European 
dade 

Haptotype9 • 1 

Haptotypel •I 
HaptOtypo a St 

Haptotype 3351 

Haptotype 34 ST 

Haptotypet 0  

Haptotype 32S H 

Haptotyp€ 16S1 

Haptotype 14 .i 

Haptotype 13S1 Italian 

HaplotypellSU dade 

Haptotype 15S51 U 

Haptotype 12•I 

Haptotyp. ii 

Haplotype 1051 

Haptotype 285 

Haptotypo 2058 

Haptotype2lSOB F 

Haptotype 220B F 

Haptotype 235 B Iberian 
Haptotype24•B dad. 

Haptotype 25 0  
Haptotype 26 0  

Eastern 	Surface spines: 
hapiotyp. 	

• Present 
set 

• Absent 

Chapter 4. Phylogeographv ofparasitoids 	 99 

(iii) Gall phenotype 

Spines 

The pattern for the distribution of surface spines over haplotypes (Figure 4.9) is similar to 

that of gall location. The Iberian dade contains only spine-free galls, but as above this 

pattern is an artifact of sampling. Although spiny galls are present in Iberia (A. 

grossulariae, A. coriarius) no parasitoids from these galls were available for sampling. 

Again, some haplotypes (haplotypes 2, 18 and 29) were obtained from gall species that 

displayed both character states, suggesting that the existence of long-lived host races 

partitioned according to this trait is unlikely. However, the possible effect of spines on 

population subdivision cannot be ruled out. 

Figure 4.9 Megastigmus stigmatizans cytb haplotype tree with presence or absence of 

surface spines mapped onto corresponding branches 
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Sticky surface 

Presence or absence of a sticky surface is mapped onto haplotype distributions in Figure 

4.10 below. Again some haplotypes (haplotypes 2, 15, 21 and 31) were recovered from 

galls with and without a sticky surface. However, the same conclusions as reached above 

are applicable for this trait. 
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Figure 4.10 Megastigtnus stiginatizans cytb haplotype tree with presence or absence of sticky 

surface mapped onto corresponding branches 

Internal airspace 

Presence or absence of an internal airspace is mapped onto haplotype distributions in 

Figure 4.11 below. Once more there is no strong pattern, and multiple haplotypes were 

recovered from both galls with and without internal airspaces. 
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Figure 4.11 Megastigmus stigmarizans cytb haplotype tree with presence or absence of 

an internal airspace mapped onto corresponding branches 

Host gall species 

In Figure 4.12 the gall species from which the specimen emerged is mapped onto the 

haplotype distribution. No clear pattern is apparent, and further sampling is required from 

Iberia, since a low diversity of hosts were sampled from this refugium (samples many 

consist of A. kollari). 
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Figure 4.12 Megastiginus stigmatizans cytb haplotype tree with host gall 

species mapped onto corresponding branches 

Overall, there is little support for the existence of host-races structured according to host 

gall traits. Haplotypes arising from galls possessing different traits are scattered 

throughout clades with no clear pattern visible. Furthermore, the existence of several 

haplotypes originating from specimens sampled from galls possessing multiple traits 

argues against substructure due to the presence of long-lived host races based on host gall 

traits for this species. If prediction (iv) was correct, that of refugial structure and 

specialism, we would expect to see some level of structure according to gall species or 

traits occurring within clades. However, the existence of host races cannot be ruled out. 

In addition to the points made above regarding the possible existence of short-lived host 

races as a result of local assortative mating among population subsets, and potential 

clouding of genetic signal due to the sorting of ancestral polymorphism, other 

possibilities might also prevent the ability to detect host races. As raised in the analysis 

section above (section 4.5.2), the presence of host races might be missed due to a failure 

to sort host haplotypes by an appropriate combination of gall traits. Such patterns might 
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only be picked up in multivariate analyses of gall traits. Furthermore, analyses of 

haplotype frequency might be required to pick up weaker effects. Thus, in summary 

population structure as inferred based on mtDNA haplotype data corresponds with 

prediction (iii) made in the introduction to this chapter, the case expected when 

parasitoids are generalist and dispersal between refugia is rare and lineage sorting 

complete. Clear evidence of refugial subdivision exists, but further structure within 

refugia due to host gall traits is absent. Clarification of the possible existence of host 

races requires further work; utilising nuclear markers. This point is revisited at the end of 

this Chapter. 

3. Contemporary range expansion 

The haplotypes of wasps sampled in the UK fall within two clades, the Italian dade (1 

specimen each of haplotypes 15 & 17) and the Central European dade (6 specimens of 

haplotype 2 and 7 specimens of haplotype 31). Host shifts from native hosts are not a 

possibility for M. stigmatizans in invading gall wasp hosts in the UK, since the parasitoid 

is not native in the north of Europe. However, wasps with these haplotypes in the UK 

could originate either through the pursuit or introduction hypotheses. These possibilities 

will be discussed in turn. 

Pursuit 

Evidence is compatible directly only with pursuit from the Balkans and pursuit from 

Italy. However, Italian dade haplotypes are absent from northern Europe. Were UK 

sequences in fact to be derived from Italy, such a gap in their distribution could only be 

explained by incomplete sampling. In contrast, Central European dade sequences have a 

continuous distribution from the Balkans to the UK, making this scenario more likely. 

However, though evidence is compatible with pursuit from the Balkans, it cannot exclude 

introduction for haplotype 2 (see below). 

Although haplotype 31 is unique to specimens sampled from the UK, haplotype 2 can be 

traced back through France and Germany to refugial populations in Hungary and Turkey. 

Its presence in specimens sampled in the UK is compatible with pursuit of invading host-

alternators from their Balkan refuge. Since haplotype 2 is also present in Turkey, its 

presence in the UK is also compatible with introduction. As mentioned previously, some 
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Andricus kollari sampled within the UK display a haplotype unlike any other sampled 

within Europe, suggesting that they are descended from individuals that were imported 

and that invaders from Europe have been unable to become established by crossing the 

channel. Under the pursuit hypothesis, M. stigmatizans individuals sampled from A. 

kollari in the UK displaying haplotype 2 therefore presumably pursued either A. kollari 

or A. quercuscalicis to the north of France and were then blown across the channel. It is 

possible that haplotype 31 is also derived from individuals that pursued their hosts across 

northern Europe, and that it was not found in hosts sampled from northern Europe due to 

incomplete sampling. 

As noted in Chapter 3, Iberian populations of M. stigmatizans have crossed the oak 

divide that limits the distribution of their gall wasp hosts, and now attack host-alternators 

in northern Europe. However, although they have managed to reach the very north of 

France as demonstrated by specimens sampled from locations such as St Maio, Iberia-

specific haplotypes have yet to be detected in the UK. This could be due to an inability 

either to cross the channel, or to survive once in the UK, or due to incomplete sampling. 

Haplotypes 17 and 15 were not sampled elsewhere in northern Europe, but it is possible 

that this is due to incomplete sampling and specimens possessing this haplotype in the 

UK could derive from lineages that pursued gall wasps originating from Italy. 

Introduction 

Haplotype 2 was sampled at a high frequency in the UK and northern Europe. Presence 

of a widespread, common haplotype in northern Europe and the UK is uninformative for 

distinguishing between the pursuit and introduction hypotheses since the widespread 

haplotype could also have been present the origin of the introduced galls. 

Haplotype 31 could either be an unsampled Balkan—specific haplotype, comparable with 

pursuit, or a more eastern haplotype that clusters in the same dade, as for haplotype 33 

and 34 from Turkey. Thus, this haplotype in the UK was either: 

(a) introduced from the east, but has not been sampled form there, or 

(b) originates as a result of pursuit form Hungary/C.Europe but has not been sampled 

there. 



Chapter 4. Phylogeography ofparasitoids 	 105 

Given that haplotype 31 was not found in any northern European or Balkan samples, the 

evidence suggests that introduction might be the more likely explanation. 

Although haplotypes 15 and 17 fall into the Italian dade, in addition to a potential Italian 

origin, they may be derived from a centre of origin somewhere in the east that has yet to 

be sampled. The evidence for a centre of origin for M. stigmatizans in the east is 

inconclusive, but if this were the case the haplotypes in the Italian dade could represent a 

subset of diversity from this centre of origin. Under the introduction hypothesis, the UK 

sampled haplotypes in the Italian dade would represent sorting of ancestral 

polymorphism in two independent introduction events, 1 to Italy, and 1 to the UK. 

Alternatively, it is also possible that A. kollari was imported into the UK from Italy. 

Sharing of genotypes between Italy and Turkey/Greece has been demonstrated for one 

gall wasp (Andricus quercustozae), and a number of eastern Mediterranean gall wasps 

absent from most of the Balkans and northern Italy are found in southern Italy (the 

insana form of A. quercustozae, A. megalucidus, A. curtisii). The same is true of some 

oaks including Q. trojana (section Cerris) and Q. infectorius (section Quercus). While 

these distribution patterns are compatible with ancient links between Italy and Turkey, 

further sampling is required, perhaps with more polymorphic markers, before this 

hypothesis can be explicitly tested. 

Therefore, no strong conclusions can be made to separate pursuit and introduction based 

on the available data. 

4.6.2 Megastigmus dorsalis 

44 individuals revealed a total of 16 haplotypes for the 433 bp cyth fragment. Of the 433 

sites examined 21 were variable and 14 were parsimony informative. The level of 

diversity between haplotypes was low, with corrected pairwise distances with a range of 

0-3.92% and mean of 0.98%. 

Table 4.15 Haplotypes recovered for M. dorsalis. Numbers at the top of the table indicate nucleotide 

position from the 3' end of the fragment to a variable site. The column labelled f indicates the 

frequency with which each haplotype was sampled. Letters in the column labelled 'geographical 

location' refer to the country from which the specimen was sampled: T=Turkey, P=Iran, 

H=Hungary, F=France (excluding SW France), G--Greece, U=Britain, I=Italy, B=Iberia. 
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Megastigmus dorsalis Cytochrome b haplotype table 

1112222223333 
11478894591456781245 

Haplotype 	404992518791435070505 Geographical 
number f location 

TGATGGTTCCAACTACCTCTC 
Haplotype 1 	..................... 23 H, B, I, G, F, U 
Haplotype 2 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 T 	. 4 T, I 
Haplotype3 	.A 	................... 2 H 
Haplotype4 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	G 	......... 1 F 
Haplotype5 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 C 	....... 1 T 
Haplotype 6 	. 	 . 	C 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 T 	. 1 I 
Haplotype 7 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 T 	. 	G 	. 	 . 	A 	. 1 U 
Haplotype 8 	. 	G 	. 	 . 	A 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 T 2 I 
Haplotype9 	. 	G 	. 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 . 	 T 1 I 

HaplotypelO . A. 	. AAAATTG . T . G . 	 . 	 . 	 . CT 1 T 
HaplotypeliCA. 	. AAACT.G. 	. 	 . 	 . TT. 	. CT 1 T 
Haplotype 12 	. A . 	. AAAATTG . 	. 	 . G . 	. 	 . 	 . C . 1 T 
Haplotype 13 	. 	A 	. 	. 	A A A 	. 	T 	. 	. 	 . 	 . 	 . 	G 	. 	. 	 . 	 . 	 C 	. 2 B, I 
Haplotype 14 	. 	A . 	. 	A A A A T T 	. 	. T . 	... 	 ... C . 1 P 
Haplotype 15 	. 	A . 	. A A A A T T 	. 	. 	 . 	 . G ...... 1 P 
Haplotypel6.A. 	.A.AATTG...G. 	.. 	. C . 1 P 
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Figure 4.13 Megastigmus dorsalis haplotype tree for a 433 bp fragment of the cyth gene (left-

hand side), and a phylogramatic respresentation of the same tree (right-hand side). Filled 

circles indicate specimens sampled from a putative refugial area. Clear circles indicate 

specimens sampled from the invaded range. Circles with a cross indicate specimens sampled 

from Britain. Letters at the end of branches refer to the following locations: T=Turkey, 

P=Iran, H=Hungary, F=France (excluding SW France), G=Greece, U=Britain, 1= Italy, 

B=Iberia. Numbers adjacent to clades indicate Bayesian posterior probabilities. The scale bar 

indicates percentage sequence divergence for the phylogram. 

Examination of the results reveals the following general points: 

(a) Haplotype frequency is skewed towards a small number of haplotypes (Table 

4.15). 

(b) Haplotype 1 contributes all but one of the haplotypes found in the invaded range. 
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Eastern sequences are mostly basal, with central European sampled haplotypes generally 

derived. 

1. Structure of populations 

Evidence of refugial subdivision 

Figure 4.13 illustrates that there is one well-supported dade consisting of haplotypes 1-9, 

which were mainly sampled from central Europe. Basal to this dade is a polytomy 

containing haplotypes sampled predominantly from Turkey and Iran. Unlike M. 

stigmatizans, haplotypes from specimens collected in Iberia do not form a derived dade. 

This pattern is not consistent with any of the specific refuge hypotheses made at the start 

of the Chapter, and suggests that further sampling is required. 

Colonisation history 

A group of predominantly eastern sequences lie basally as sister groups to a derived dade 

consisting mainly of haplotypes sampled from central Europe. Apart from the presence of 

an Iberian and an Italian haplotype lying outside the defined dade, this pattern fits the 

out of Anatolia' hypothesis well. However, due to the limited sampling and resolution it 

is not possible to be conclusive. 

2. Evidence of host-mediated subdivision 

Table 4.16 summarises the range of host-associated traits that were sampled in this study. 

As discussed above, this range represents a compromise between which traits were 

targeted, and which traits were successfully sampled. 

Table 4.16 Table showing haplotype distribution and gall traits in M. dorsalis. All hosts are asexual 

generation except for S. politus 

Host gall species Oak section Location on tree 	Spines Sticky surface 	Internal airspace 	Haplotypes associated 

Andricus coriarius Quercus bud 	 - - 	 - 	Hi, H2, H3, H5, H8, H9, H13 
Andricus grossulariae Quercus multiple 	+ + 	 - 	Hi, Hil, H12, H15 

Andricus hungaricus Quercus bud 	 + - 	 + 	Hi 

Andricus kollari Quercus bud 	 - - 	 - 	Hi, H4, H7 
Andricus lignicola Quercus bud 	 - - 	 - 	Hi 

Andricus lucidus Quercus bud 	 + + 	 - 	H6, H10, H14, H16 
Synophrus politus Cerris multiple 	 - - 	 - 	Hi 
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Host oak section 

All specimens originated from galls on section Quercus oaks, except for two specimens 

from Synophrus politus, an inquiline species that attacks small host galls on section 

Cerris oaks. However, M. srigmatizans reared from this species share a haplotype with 

specimens derived from section Quercus oaks. This argues against discrete clades for 

haplotypes associated with specific oak sections. Thus, if host oak section is important 

for population structure, the mtDNA marker used for this study does not offer enough 

resolution to pick up the effect. 

Gall location 

Figure 4.14 illustrates the pattern observed when gall location is mapped onto the M. 

dorsalis haplotype tree. 

Haplotype 10 •T 

Haptotypel6•P UBud 
Haplotype 14 OP [J Catkin 
Haplotype 12 •T • Multiple Haplotype 15 • P 
Haplotype 13 0   0 Acorn 
Haplotype ii •i 

Haplotype4 OF 

Haplotype3 •H 

Haplotype7 ®U 

Haplotype 1 	SO® H. B. I, 3, F. U 
Haplotype5 ST 

Haplotype 9 	SI 
Haplotype 8 	SI 
Haplotype 2 	ST. 
Haplotype6 •i 

Figure 4.14 Megastiginus dorsalis cyth haplotype tree with galling location mapped onto 

corresponding branches. The term multiple' refers to Synophrus politus, which can gall 

stems and the leaf petiole. 

No clear pattern is present for population subdivision according to gall location. The 

majority of samples originate from bud galls, so more complete sampling is necessary to 

investigate the issue further. However, haplotype I contains specimens sampled from 

catkins and Synophrus politus, which is able to gall multiple locations, thus suggesting 

that the existence of long-lived host races according to galling location might be unlikely. 
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(iii) Gall phenotype 

Spines 

No clear pattern is apparent for the distribution of surface spines over haplotypes 

illustrated in Figure 4.15. It is evident that much wider sampling is required to include 

more specimens reared from galls with surface spines. 

Haplotype 10ST 
Surface spines 

Napotype 16 • • Present Haplotype 14 SP 

HapLotype 12 ST I Absent 

I-apotype 15 • P 
Haplotype 13 0  

Ftaplotype 11 • T 

Hapiotype 4 0 F 
Haplotype3 •H 

Hapotype 7 ® U 
Haplotype 1 	SO® H, B, I. G, F, U 
Hapotype 5 5 T 

Haplotype 9 	*1 

Haptotype 8 	•i 
Haplotype 2 • T I 
Haplotype 6 	01 

Figure 4.15 Megasrigmus dorsalis cyth haplotype tree with presence or absence of surface 

spines mapped onto corresponding branches 

Sticky,  surface 

Figure 4.16 illustrates the presence or absence of a sticky surface. The pattern is very 

similar to that observed for surface spines. Both of the trees show that haplotype I was 

reared from gall in which both trait states were present. However, more data is required 

before generalisations can be drawn. 
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HaplotypelosT 
Sticky surface Haplotype 16 SP 

Present Haplotype 14 • 
Haptotype 12 •T 0 Absent 

Haplotype 15 • p -  - 
Haplotype 13 S B 

Haplotype 11 ST 
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Haptotype 7 ® U 

Haplotypel 	•O®H,B,I.G,F.0 

Haplotype 5 • T 

Haplotype 9 	Si 
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Haplotype 2 	• T, I 

Hapiotype 6 SI 

Figure 4.16 Megasrigmus dorsalis cyth haplotype tree with presence or absence of a sticky 

surface mapped onto corresponding branches 

Internal airspace 

A. hungaricus was the only species with an internal airspace for which a specimen was 

successfully reared. The specimen shares haplotype 1 with specimens reared from galls 

without an internal airspace. However, as with the previous traits more much wider 

sampling to include a more balanced set of trait distributions is required before 

generalisations can be drawn. 

Host gall species 

Samples from seven different host species were included, six of which were from the 

genus Andricus and one of which was from the genus Synophrus. Figure 4.17 illustrates 

the pattern observed when gall species is mapped across haplotype distributions. 
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Haplotype 10 ST U Andricus lignicolus 

16 OP Andricus hungaricus 

Hapotype 14 OP Andricus coriarius 
Haplotype 12 S T • Andricus kollarl 
Hapiotype 15 0 p Andricus lucidus 
Haplotype 13 SB 

I Andricus grossularioe 
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Figure 4.17 Megastigmus dorsalis cytb haplotype tree with host gall species mapped 

onto corresponding branches 

Haplotype 1 was obtained from specimens that emerged from all of the host species 

considered here, except for Andricus lucidus. Therefore, there is no strong support for 

host species association with specific haplotypes. This means either that there are no host 

races according to species or that host races are present but are obscured by persistent 

sorting of ancestral polymorphism. 

In general, further sampling is required for many of the traits examined here. Traits that 

require further sampling are listed in Table 4.17 below. 

Table 4.17 Gall traits that should be targeted in order to obtain better samples. 

Ticks indicate that the parasitoid attacks the corresponding gall species. 

Present/absent 
Gall trait Gall species M. dose/is E. brunniventns 
Section Cerris Aphelonyx / 1 

Pseudoneuroferus macropterus / 1 

Neuroterus languginosus X / 
Synophrus politus / 

Acorn Andricus caputmedusae .1 / 
Andricus dentimitratus .1 / 
Andricus guercuscalicis / I 

Leaf galls Cynlps quercus / .1 

Cynips quercusfolli I / 
Cynips long, ventris / 

Surface spines Andricus lucidus  
Andricus grossulariae  

Andricus caputrnedusae / / 
Sticky surface Andricus quercuscalicis / I 

Andr,cus dentimitratus I / 
Andricus coronatus  

Internal airspace Andricus quercustozae  
Andricus quercuscalicis / I 

Andricus coronatus / / 
Andricus glutinosus I / 
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3. Contemporary range expansion 

Pursuit 

One haplotype (haplotype 1) was very common, and contributed most of the haplotypes 

sampled from specimens in northern Europe including Britain. Haplotypes from 

specimens collected in the UK are not distinct from other sequences within the central 

European dade. Seven specimens were found to possess haplotype 1, whilst one 

specimen was found to possess haplotype 7. Haplotype 1 is found along a transect 

leading back to the Balkans from the UK, a pattern that is compatible with the pursuit 

hypothesis for M. dorsalis found in the UK. However, haplotype 1 also is found in Iberia, 

so this refuge also cannot be excluded as a potential origin. Generally, common and 

geographically widespread haplotypes are largely uninformative regarding possible 

origins. 

Host shifts 

Since there is very little refugial structure, it is impossible to conclude whether M. 

dorsalis native to the UK have been recruited to the invading gall wasps. A marker with a 

greater degree of resolution is necessary to answer this question. 

Introduction 

The position of UK haplotypes in the M. dorsalis tree is compatible with the introduction 

hypothesis from the eastern Mediterranean. Turkish samples cluster within the main 

dade, and haplotype 1, though not actually sampled in Turkey, is widespread and 

common enough to suggest that further sampling could reveal it there. The sampling 

location for UK specimens, Teignmouth in Devon (Table 4.11) is near the site of import 

of A. kollari during the 19th Century, and so is compatible with introduction. A marker 

with greater polymorphism, and with region-specific alleles capable of discriminating 

between Balkan and Turkish origins, is required to resolve the issue for M. dorsalis. 
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4.6.3 Eurytoma brunniventris 

43 individuals revealed a total of 27 haplotypes for the 433 bp cyth fragment. Of the 433 

sites examined, 136 were variable, and 105 were parsimony informative. Table 4.20 

shows corrected pairwise distances between clades in Figure 4.18 The average distance 

between sequences for the entire dade is 16%. Such a figure is substantially more than 

currently held beliefs of what constitutes the usual limits of intraspecific divergences for 

mtDNA (although see Chapter 6), which are rarely greater than 2% and usually less than 

1% (Avise 2000). Three well-supported clades are apparent from the haplotype tree with 

an additional separate haplotype, and the haplotype Table 4.18 shows that the sites 

defining these divisions are unambiguous. 

Major dade divisions have been indicated with the use of shaded boxes on Figure 4.18 

and in Table 4.18. Type 1 consists of haplotypes 1-17, Type 2 consists of haplotypes 18-

24, type 3 consists of haplotypes 25-27, and Type 4 consists of only haplotype 28. Type 1 

can be further broken down by the presence of a haplotypes 1,2 and 3, which form a 

small distinct grouping (Subtype la). 

When haplotypes are split according to type as specified above, the variable site data and 

corrected distances (Table 4.13) are as follows: 

Type 1 (whole dade, n=17 haplotypes): 31 variable sites, of which 20 are parsimony 

informative 

Type la (subclade la, n=3 haplotypes): 8 variable sites, of which 2 are parsimony 

informative 

Type 1-la (subclade, n=14 haplotypes): 18 variable sites, of which 18 are parsimony 

informative 

Type 2 (whole dade, n=7 haplotypes): 18 variable sites, of which 12 are parsimony 

informative 

Type 3 (whole dade, n=3 haplotypes): 12 variable sites, of which 8 are parsimony 

informative 



Table 4.18 Eurytoma brunniventris cytochrome b haplotype table. Colours indicate putative species groups. Yellow = Type Ia, Orange = Type I, Pink = Type 2, 

Blue = Type 3. Green = Type 4 
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Table 4.19 Haploltype frequencies and distributions for E. brunniventris 

H*s0Cype No 7 	Oeooraphical IOCOkCn 
Haplo8ypel 1 	B 
Haplotypo2 8 	B.I 
I-I*pSoIype3 4 	B,F 
Haplo1ypo 4 I 	B 
H9otype5 3 	H 
Hap4Otype6 1 	H 
HAplo6ype 7 1 	H 
Hao6ype 8 1 	12 
Haplo6ypeB 1T 

HapIo6ypelO 1  
Haplolypo 11 1 T 
HaoSypeT2 I 	12 
1-laplotype 13 11 
Haplotype 54 II 
HapSo1ypelS I 	I 
Haplotype 16 2 	1 
Haplotype 17 1 	1 
Hap105ypel6 I 	H 
I-Iaplotypel9 1 
Haplotype2o I 	B 
Haplotype 21 IB 
Haplotype 22 1 	B 
Haplotype23 3B 
Haplotype 24 1 	B 
HapSotype 25 5 P 
Haplotype 26 I 12 
H*ploSype 27 1 	p 
HaDlolype 28 1 	8 
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Figure 4.18 Euryroma brunniventris haplotype tree for a 433 bp fragment of the cyth gene (left-hand 

side), and a phylogramatic respresentation of the same tree (right-hand side). Filled circles indicate 

samples from a refugial area. Clear circles indicate samples collected from the invaded range. 

T=Turkey, P=Iran, H=Hungary, F=France (excluding SW France), G=Greece, 1= Italy, B=Iberia. 

Coloured boxes indicate putative divisions between species. Colours correspond to those used in 

Table 4.18 and indicate distinct clades. The scale bar indicates percentage sequence divergence for 

the phylogram. 

Table 4.20 Corrected distances (in percentage) for the E. brunniventris haplotype data 

Whole dade 	Type 1 	Subtype la only 	Type 1 excluding subtype la 	Type 2 	Type 3 

Range 	0-65 	0-6.1 	0-2.02 	 0-2.9 	 0-3.58 	0.47-1.22 

Mean 	15.97 	2.4 	 0.39 	 1.24 	 1.39 	0.8 
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1. Structure of populations 

(a) Evidence of rejugial subdivision 

The Type 1 dade includes an Iberian subclade (1 a) and a 'Central European' dade of the 

kind described for M. stigmatizans. However, the very limited sampling from Italy 

precludes discussion of which hypothesis of refugial structure (oak or gall wasp) best 

describes this type. Type 2 is composed mainly of haplotypes from Iberia, whereas Type 

3 is composed of two eastern haplotypes from Iran and a Greek haplotype. In addition to 

substructure within Type 1, the types themselves show apparent geographic structure. 

However, additional sequences in Types 2-4 are required for each putative species in 

order to further investigate phylogeography ie patterns both across and within types. 

1(b) Colonisation history 

Type 1 is the only dade for which colonisation history can currently be discussed. In this 

dade, Turkish sequences are basal, and the pattern is clearly consistent with the 'Out of 

Anatolia' hypothesis. 

2 Evidence of host-mediated subdivision 

Given the findings of Acs et al (2001) I tried to rear as many specimens from different 

section oak hosts as possible. In the end the specimens I obtained were mainly derived 

from section Quercus hosts, which limited which hypotheses could be tested. 

Table 4.21 Distribution of haplotypes over host gall species and character states 

Host gall species Location on tree Oak section Spines 	Sticky surface 	Airspace 	Haplotypes derived 

Andricuscorig!omeratus bud Quercus - 	- 	- 	H9, H12, H26 
Andricusco,ianus bud Quercus + 	- 	- 	H5, H7 

Andncuscoronatus bud Quercus - 	+ 	+ 	Hi, 114, Hil, H17 
Andricus ga/leafincforae bud Quercus - 	- 	- 	H2 

Andncuskollan bud Quercus - 	- 	- 	H2, H3 
Andncuspolycerus bud Quercus - 	- 	- 	H8 

Andricus quercusfozae bud Quercus - 	+ 	+ 	1119, H22, H23, 1124, 1128 
Aphelonyxpersica shoot Cerris - 	- 	- 	H25,1127 

Cynipsquercus leaf Quercus - 	- 	- 	115, HG, 1113, H14, H15, 1116 
Cynipsquercusfolii leaf Quercus - 	- 	- 	H5, 1118 

Tngonaspissynaspis leaf Quercus - 	- 	+ 	1120,H21 
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(i) Host oak section 

Only two specimens were successfully reared from section Cerris hosts: haplotypes H25 

and H27, and both were reared from Aphelonyx persica. Together with haplotype 26 

these individuals comprise Type 3. Haplotype 26 was obtained from a gall of A. 

con glomeratus on a section Quercus oak. The presence of this haplotype in the dade 

containing the haplotypes obtained from the Aphelonyx galls argues against the 

possibility that Type 3 might be a Cerris-specific lineage. More haplotypes are needed 

from a greater diversity of hosts for all types, before the impact of host oak section can be 

assessed meaningfully. 

(ii) Gall location 

Figure 4.19 illustrates gall location mapped across haplotype distributions for E. 

brunniventris. On the basis of the available evidence, no conclusive pattern is apparent 

for the effect of gall location on population subdivision. 

Figure 4.19 Eurytoma brunnivenrris cytb haplotype tree with galling 



Chapter 4. Phvlogeography ofparasizoids 	 118 

location mapped onto corresponding branches 

(iii) Gall phenotype 

Spines 

Out of the galls sampled, only A. coriarius has surface spines, therefore sampling is not 

adequate to investigate the effect of this gall trait. E. brunniventris is known from A. 

lucidus A. grossulariae and A. capurrnedusae which all possess spines; therefore this 

issue could be addressed through further sampling of these hosts in future. 

Sticky surface 

Figure 4.20 illustrates presence or absence of a sticky surface mapped across haplotype 

distribution for E. brunniventris. Again, no clear pattern is visible, but sampling is 

inadequate for a conclusive assessment. The pattern in the dade comprising haplotypes 

25-27 is a sampling artefact, since sticky galls are present in the areas in which these 

galls were collected, but were not successfully sampled for E. brunniventris. 

Sticky surface 

r 	 y Haplotype 13 • T 	 • Present 

I 	 Hap4Ow*14st 	 DAbsent 

!s°w 17  • 
• HpIotypr11 •T 

100 0 Haplotype 2 • B. 

Hapiotype 3 IC B. F 

e49HapioIwe1 .e 
62  Hapotwe12sG 

Hap1oty1 15 IT 

HapIoIype16 I -

Haplotype 9 I T 57 	
Hap10t9* S I H 

Haplotypee •G 

100 	Haptotypøl •H 
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34 
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Itaptotypel0•H 
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Hapi0tWe24 • B 
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OXG 

	

	Hepiotype ¶9 • I 
Haptotype2l •B 

HaptOtype 27 	P 

Hapbtype 26 • 0 

Haptotype25.P 

Naplot9pe 28 • B 

Figure 4.20 Euryroma brunniventris cytb haplotype tree with 

presence or absence of a sticky surface mapped onto corresponding 

branches 
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Internal airspace 

Figure 4.21 illustrates the presence or absence of an internal airspace mapped across 

haplotype distribution. No clear pattern is visible, but sampling is inadequate for a 

conclusive assessment. A further consideration is that when closely related haplotypes 

possess different host character states (such as for haplotypes I and 3 below), this argues 

against the existence of long-lived lineage-specific patterns. 

Figure 4.21 Eurvtoma brunniventris cytb haplotype tree with presence or absence of a 

sticky surface mapped onto corresponding branches 

Host gall species 

No structure according to host gall species is immediately apparent. However, more 

intensive sampling is required for the clades of Type 2, 3 and 4. Particularly since no 

specimens from A. lucidus, A. glutinosus or A. multiplicatus were included in this study 

(corresponding to Acs et a! Groups I & II). 
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Figure 4.22 Eurytoma brunniventris cyth haplotype tree with host gall species mapped 

onto corresponding branches 

Cryptic taxa in E. brunniventris 

It is clear that there is strong substructure within the species currently named as 

Eurytorna brunniventris. The level of genetic differentiation within the clades uncovered 

here strongly supports the existence of multiple sibling species. However, before more 

detailed discussion of possible structure according to host gall species or specific gall 

traits can be analysed, more extensive sampling of each subdivision will be required. 

4.7 Discussion 

This chapter has demonstrated the following patterns in the target species: 

(a) At least one of the species, M. stigmatizans, shows subdivision into haplotype 

clades corresponding to putative refugia, in a pattern broadly compatible with the 

Oak refugia hypothesis. Some haplotypes sampled in Italy were found to lie in a 

more eastern Balkan dade, suggesting either imperfect refugial separation in the 
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past or recent post-glacial gene flow between these regions. Neither M. dorsalis 

nor E. brunniventris show an equivalent strong pattern for available samples. 

Two species (M. dorsalis and E. brunniventris) show patterns consistent with the 

'Out of Anatolia' hypothesis, while M. stigmatizans shows a basal polytomy 

Colonisation of northern Europe is associated with loss of haplotype diversity, 

consistent with sequential bottlenecks during range expansion. Current data, 

which lack haplotypes specific to the eastern Mediterranean, do not allow 

absolute discrimination between the pursuit and host shift hypotheses. 

No haplotype-specific host races were revealed in any of the three target species 

for the host characters examined. 

Eurytoma brunniventris showed strong evidence of subdivision into at least four 

cryptic taxa, whose mutual divergence is probably compatible with designation as 

separate species. 

4.7.1 Refugial subdivision 

Only one of the three species tested shows a strong signature of refugial subdivision. As 

it stands, this suggests that M. dorsalis and E. brunniventris either never established 

separate refugial lineages, or that the geographic patterning of such lineages has been 

broken down by subsequent post-glacial dispersal - in essence, a more extreme version 

of the explanation for the presence of haplotypes from Italian M. stigmatizans in the 

Central European haplotype dade for that species. However, I believe that further 

sampling is essential before conclusions can be made for either E. brunniventris or M. 

dorsalis. For E. brunniventris, such sampling is complicated by the fact that specimens 

should be evenly distributed (where possible) across Types within this species, but the 

Types are not distinguishable morphologically! 

In the case of M. stigmatizans, refugial subdivision is clear. Such subdivision in principle 

allows each refugial population to follow a separate evolutionary trajectory over the 

period for which gene flow with other refugia is prevented. Two potentially important 

variables between refugia are the oak cynipid hosts, and the oaks on which these develop. 

If these aspects of the host spectrum and possible cues used in host location (see Chapter 

1) vary substantially between refugia, and separation is long enough, subpopulations 

could diverge in host preferences and host location behaviour. M. stigmatizans has a 

relatively narrow host range of large asexual generation host galls, predominantly of 
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Andricus species (parasitoids reared from the two remaining hosts, both asexual 

generation galls of Cynips species, are very rare). Of the Andricus hosts, 3 are found 

through the whole range of this parasitoid (A. coriarius, A. kollari and A. quercustozae). 

One species is restricted to the Iberian Peninsular and northwest Africa (A. pictus), while 

the rest (A. caputmedusae, A. coronatus, A. dentimitratus, A. hungaricus, A. lucidus and 

A. quercuscalicis) are found from Italy eastwards, but are absent from Iberia. The 

primary contrast in available hosts is thus between Iberia and regions further east. The 

same regions differ in their oak taxa, with the Iberian peninsular showing a regional flora 

distinct from a more broadly distributed set of species extending from Italy eastwards to 

Turkey (Jalas and Suominen 1987). One way in which divergence in host preference 

could be demonstrated would be if haplotypes escaping from the Iberian refugium (as 

demonstrated in Chapter 3) were to remain restricted to familiar hosts found in northern 

Europe (primarily A. kollari and A. quercustozae), and prove unable to colonise 

unfamiliar hosts, such as the vastly abundant knopper gall, Andricus quercuscalicis. To 

date, however, too few specimens have been reared from knopper galls in France to test 

this hypothesis. 

4.7.2 Longitudinal range expansion 

Two parasitoids support the 'Out of Anatolia' hypothesis, suggesting that, as for oaks and 

gall wasps, this region has acted as a 'cradle' for the diversification of at least 2 

parasitoid lineages. It is too early to say whether this pattern is general in parasitoids, and 

it remains possible that other species will support the 'Out of Iberia' hypothesis. If 

Anatolia is supported as the cradle for all oak cynipid lineages, then the first parasitoids 

recruited to Iberian cynipid communities may well have shifted from non-cynipid hosts. 

Establishment of a community phylogeography for oak cynipids and their parasitoids 

requires not only demonstration of suitable phylogenetic relationships between regions, 

but also an estimation of the time depth of westward expansion in each species. I have yet 

to date divergence between the relevant clades in each species, but this is planned using 

the methods applied in Chapter 3. Concordance in both topology and timing of 

cladogenesis would support the hypothesis that westwards range expansion by gall wasps 

was followed very closely by range expansion by their natural enemies. If true, this 

would suggest that the gall wasp hosts did not experience much 'enemy—free space' 

(Jeffries and Lawton 1984) during their escape from refugia. We know from work on 



Chapter 4. Phylogeography ofparasitoids 	 123 

recent gall wasp invasions of northern Europe that even rapidly invading gall wasps 

recruit communities of natural enemies over periods of decades (Schonrogge et al. 1995, 

1996a,b, 1998), at least in part by range expansion of parasitoids from glacial refugia 

(Chapter 3). Westwards range expansion by gall wasps would probably have been far 

slower than these recent invasions: in contrast to rapid human dispersal of Turkey oak, 

natural range expansion by oaks proceeds at rates of 500-2000m per year (Bennet 1986; 

Huntley and Birks 1983). Slower rates of range expansion should facilitate parasitoid 

pursuit of their hosts. 

4.7.3 Parasitoid colonisation of northern Europe 

Megastigmus stigmatizans must have become established in southern Britain through 

either pursuit or introduction, with the latter mechanism strongly supported for some 

haplotypes. Host shift followed by pursuit is also supported for this species during escape 

from Iberia (Chapter 3). Both results suggest that the principal factor limiting the 

distribution of this species is the distribution of suitable hosts, rather than any 

physiological limitation. Human dispersal of Turkey oak has set in motion a 'trophic 

cascade' of range expansion, involving first oak, then gall wasps, and then natural 

enemies. This leads to the prediction that any parasitoids associated with the gall wasps 

currently invading northern Europe, and absent from existing northern communities, may 

well also expand their distributions northwards. Examination of the host parasitoid 

catalogue compiled by Schonrogge & Askew (in press), and the on-line British 

chalcidoid list (http://www.mapmate.co.uk/checklistichalcidoidea.htm)  shows that most 

of the parasitoids attacking the invading gall wasps are already recorded from Britain. 

However, were the remainder to track their hosts from the Balkans (in the case of the 

invaders Andricus aries, A. corruptrix, A. grossulariae, A. kollari, A. lignicola, A. 

lucidus, A. quercuscalicis and Aphelonyx cerricola) or from Spain (only possible for A. 

grossulariae and A. kollari), the British list would be enriched by up to 15 species, 

including 1 eurytomid (Sycophila iracemae), 2 torymids (Megastigmus dumicola and 

Adontomerus crassipes), 2 pteromalids (Cyrtoplyx robustus and Mesopolobus 

lichtensteini), 2 eupelmids (Eupelmus cerris and E. rostratus) and 8 eulophids 

(Aprostocetus cerricola, A. domenichinii, A. viridinitens, Aulogymnus obscuripes, A. 

testaceoviridis, Baryscapus anasillus, B. berhidanus and B. pallidae). More generally, 

the range expansions triggered by human dispersal of Turkey oak mean that predictions 

of changes in species distributions base on climatic envelope modeling (see discussions 
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in Araujo et al. 2005, Whittaker et al. 2005) may sometimes be based on simplistic 

assumptions of what limits species distributions. 

M. stigmatizans may have reached its distribution limit in the U.K. As discussed earlier 

in this chapter, it was common in southern England shortly after the import of Andricus 

kollari. Its distribution is now very local, and concentrated in southwestern England. This 

limit could have several mutually compatible causes, including physiological limitation 

and low diversity or abundance of available gall wasp hosts (only A. kollari and A. 

quercuscalicis). 

4.7.4 Host races 

No host races were detected using the samples and host traits used here. The small sample 

size allowed only the detection of the strictest and longest-established host races, associated 

with subdivision of a species into mutually monophyletic lineages associated with different 

host subsets. It is possible that less completely separated or more recently formed host races 

exist in all of the study species, and could be detected using molecular markers with higher 

resolution. Larger sample sizes would allow the use of haplotype frequency data, while the 

greatest resolution would probably be achievable with multiallelic nuclear markers, such as 

microsatellites. As discussed earlier, the intention was to combine analysis Of haplotype 

sequence with microsatellite data, but difficulties in marker isolation and development made 

this combined approach impossible within my Ph.D. Nevertheless, my results do suggest that 

strong, long-lived intraspecific partitioning of lineages has not taken place in response to the 

gall characters examined. 

A second possible reason for inability to detect patterns that are in fact there is 

inappropriateness of the potential structuring traits examined. So little is known about how 

parasitoids locate and identify gall targets that the selection of traits to test may be inaccurate 

or oversimplistic. It is possible, for example, that parasitoids partition 'host character space' 

in a complex way, involving interaction of host oak, gall location and gall morphology. One 

approach for the future would be to examine correlations between genetic structure and 

combinations of traits, perhaps combined into a single metric using cluster analysis. However, 

such an approach still needs to overcome the problems associated with generating distances 

from characters (such as gall location) whose alternative states are not easily converted into 

meaningful numerical values. 
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It may simply be true that many of the parasitoids attacking oak cynipid galls really are true 

generalists. A feature of gall wasp populations is that they fluctuate significantly from year to 

year (Stone et al. 2002), and specialisation on a specific host subset may not be favoured 

because it carries a risk of local extinction due to failure of host populations. True generalists 

do have the potential to mediate apparent competition between multiple gall wasp hosts (Holt 

and Lawton 1993), and the wide host ranges of species such as Megastigmus dorsalis mean 

that the full interaction web in the richest oak cynipid communities would be extremely 

complex. 

4.7.5 Cryptic taxa 

Eurytoma brunniventris shows clear subdivision into four taxa. The four types show partial 

geographic separation, but samples from a single refugial region, such as Iberia, are found in 

more than one type (Types la, 2 and 4). This pattern thus does not conform to the predictions 

of refugial subdivision. There is also no evidence of strong host-associated subdivision on the 

basis of the limited sampling available here. Further extensive sampling is necessary to 

establish the distribution limits and host associations of the four types. One obvious question 

is the extent to which the types represent separate biological species. Use of mitochondrial 

markers cannof eliminate the possibility of gene flow through non-assortative mating by 

males, and future work will use microsatellites to examine the extent to which nuclear 

markers corroborate the picture obtained using haplotype sequence. The molecular barcodes 

discussed in Chapter 6 use haplotype sequence for mtDNA, for which sequence divergence 

between species is commonly above 2% (Avise 2000). Unfortunately, although E. 

brunniventris was included in the barcoding work, there was insufficient time after detection 

of the four types to include samples from each in the cytochrome oxidase sequencing work. 

This is an obvious aim of future work. 

Demonstration of the cryptic taxa within Eurytoma brunniventris is potentially of major 

significance for gall wasp foodwebs. If the host ranges of the four types differ qualitatively or 

quantitatively, links currently attributed to a single species will have to be subdivided between 

types. Then, as discussed earlier for host races, the potential for apparent competition between 

hosts currently attributed to the single E. brunniventris taxon will be reduced. This example 

illustrates the need to examine population structure in other highly generalist parasitoids 

including, for example, Eupelmus urozonus. 
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Chapter 5 

Life history analysis of the Torymidae 

5.1 Introduction 

5.1.1 Trophic diversity in the Parasitica 

The parasitic wasps (Hymenoptera; Parasitica) are predominantly carnivores, and as larvae 

feed primarily on the immature stages of insects. However, despite this generalisation the 

Parasitica show considerable trophic diversity, including species that are partially 

phytophagous while feeding primarily as parasitoids, others that feed on plant material, 

particularly seeds, and yet others that induce plant galls. This diversity is found particularly in 

the superfamilies Chalcidoidea (which includes the parasitoids studied in this thesis) and the 

Cynipoidea (which includes the gall wasp hosts). In both of these taxa, trophic diversity is 

found both between families (such as the comparison between the wholly phytophagous 

agaonid fig wasps and their parasitoid sister group), and within particular families. Examples 

of chalcid families known to contain a range of phytophagous and carnivorous life histories 

include the Torymidae, Eurytomidae, Eulophidae, Pteromalidae and Tanaostigmatidae. Of 

these, the Torymidae, Eurytomidae and Eulophidae include each of parasitoids, seed feeders 

and gall inducers (La Salle 2005). In the Cynipoidea, the Cynipidae includes both 

phytophagous gall inducers and inquilines, and their sister group the Figitidae includes both 

phytophagous inquilines and entomophagous parasitoids (Csóka et al. 2005). This diversity 

raises the issue of the direction and frequency of shifts between alternative trophic strategies. 

There is general consensus that a parasitoid lifestyle is basal in the Parasitica, but 

evolutionary transitions between strategies remain little studied. The Cynipoidea is the only 

group for which switches between trophic strategies have been examined in detail. In the 

Cynipoidea, switches are extremely rare, from entomophagy to phytophagy, and in the 

Cynipidae the evolution of gall induction has been associated with dramatic adaptive radiation 

relative to the Figitidae parasitoid sister group (Ronquist 1994). La Salle (2005) states that 
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gall induction must have evolved at least five times in the Eulophidae and Eurytomidae, once 

in each of the Pteromalidae and Tanaostigmatidae and twice in the Torymidae. These are 

minimal estimates based on phylogenetic relationships assuming that recognised taxa are 

natural groups, and that morphology is an adequate guide to phylogeny. In the absence of 

detailed phylogenetic reconstructions for these groups, the frequency and directions of trophic 

shifts remain unresolved. More generally, reconstructing the order and frequency of life 

history switches is of value in identifying whether taxa that share the same niche are part of a 

radiation within that niche, or the result of multiple transitions. The first pattern suggests that 

transitions are difficult, but once achieved give rise to an adaptive radiation. The second 

suggests that transitions between strategies are 'easy' in evolutionary terms, but that they do 

not potentiate further speciation. 

5.1.2 Hypotheses for the evolution of phytophagy in Chalcidoidea 

Given an ancestral parasitoid lifestyle, the existence of two forms of phytophagy (gall 

induction and seed feeding) raises the additional question of whether shifts can occur directly 

from entomophagy to either phytophagous state, or whether one is an intermediate step in the 

evolution of the other. There are four possibilities for shifts from entomophagy: (a) direct 

shifts to gall induction (b) direct shifts to seed feeding (c) a transition to gall induction and 

then to seed feeding (d) a transition from seed feeding and then to gall induction. 

The possibility of direct transitions is raised by patterns in the Cynipoidea, where there 

appears to be a direct transition from entomophagous parasitoid to gall inducer in the 

Cynipidae (Ronquist 1994), and from parasitoid to phytophagous inquiline in the Figitidae 

(Csóka et al. 2005). This pattern cannot exclude the possibility of extinct intermediate 

lineages showing alternative trophic strategies, however. Direct transitions are also suggested 

by a number of parasitoids that attack gall inducing cynipids but which also feed on plant 

material (eg Eurytoma species in oak and rose cynipid galls, Torymus cyaneus in oak galls, 

Dichatomas acerinus in Pediaspis galls on Acer, and Glyphomerus stigma in rose galls; 

Csóka et al. 2005). Such mixed trophic strategies could in principal be an intermediate on the 

route to either seed feeding or gall induction. In the latter case, gall induction would provide 

both additional food resources and potentially provide a protected environment for the 

developing wasps (Stone and Schonrogge 2003). An additional intermediate step here is 

perhaps illustrated by the cynipid inquiline Synophrus politus, a cynipid inquiline that causes 

the death of its oak cynipid host early in gall development. Although apparently unable to 
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induce gall development de novo, S. politus is able to continue gall induction once started by 

the host. Similar gall modification is shown by Periclistus inquilines in rose cynipid galls, and 

also by some parasitoids in oak galls. 

It is not immediately clear which of the sequential transitions from entomophagy to 

phytophagy is more likely a priori. Seeds offer a ready-made highly nutritious food source 

and seed feeding may have arisen as a result of oviposition mistakes when searching for 

concealed insect larvae in seeds. Given that the seed is available, one could argue that 

evolutionary progression to gall induction would be redundant. However, one could argue 

with equal conviction that evolution of the ability to induce highly nutritious additonal gall 

tissues would increase fitness. 

Distinction between these two 'transition' hypotheses should be possible using phylogenetic 

relationships between living taxa. If seed eating is an intermediate stage in the evolution of 

galling from entomophagy, gallers should represent a crown group within a paraphyletic seed-

eating assemblage. If galling is an intermediate stage in the evolution of seed eating, the 

opposite should be true. 

5.1 .3 Selection of study taxa 

A choice of taxa is available in which to investigate the issues outlined above. The taxa that 

show the greatest diversity are probably the Eurytomidae, the Eulophidae and the Torymidae. 

Of these, I hoped to work on the European Eurytomidae and Torymidae. Within the timescale 

of this thesis, I was only able to obtain a reasonable number of specimens for the Torymidae, 

and thus I only provide results for this family. Addition of the Eurytomidae would have been 

beneficial in order to examine parallels in patterns in life history evolution in independent 

lineages. Although not possible here, specimens of a diverse set of Eurytomidae have now 

been obtained through the generous help of Dr. R.R. Askew, and future analyses will include 

this family (see below). I now survey the trophic diversity present in the Torymidae and then 

focus on specific questions for this family. 

The Torymidae is a large family including about 875 valid species, 54 genera and 2 

subfamilies: the Megastigminae and the Toryminae (Grissell 1995). It is known to be 

biologically diverse, despite the fact that host records exist for only about one-third of the 

species (Grissell 1995). A diverse range of feeding types are present in the family, including 
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(a) the (presumed) basal state of entomophagous parasitoid in non-galling hosts, (b) 

parasitoids of gall formers, (c) parasitoids of gall formers that also consume gall tissue, (d) 

seed feeders and (e) gall formers (Grissell 1995, 1999). The dominant feeding strategy is 

entomophagy as parasitoids on gall inducing insects. 

The Torymid bauplan is of adult females with a long, strongly exerted ovipositor (see Figure 

5.1 and Plate 5. 1 at the end of this chapter). This reflects the fact that the egg is usually 

deposited through some kind of substrate, usually ether a gall, fruit or seedpod, a task that is 

accomplished by drilling through the barrier with the long ovipositor. The biologies of the 2 

subfamilies are now summarised in turn. 

Figure 5.1 A female Torymus geranii illustrating the typical Torymid bauplan. 

(a) Toryminae: According to Grissell (1995) the Toryminae are primarily entomophagous and 

are associated with 51 families of insect in 8 orders, with the main hosts being gall-forming 

Hymenoptera and Diptera. The largest genus in the subfamily by far is Torymus with 317 

currently recognised species (Grissell 1995). Two species of the genus Torymus (T. druparum 

and T. varians) are strictly phytophagous and are seed-feeders in apple, pear (Rosaceae) and 

maple (Aceraceae) (Winter 1978, 1979). At least one species of Toryrnus (T. philippii) is a 

gall inducer on Euphorbiaceae, and another is an inquiline in galls of a Eurytomid on Bamboo 

(Takashi & Mizuta 1971). Graham and Gijswijt (1998) defined a number of species groups 

for European Tor'mus, predominantly based on female morphology. The groups including 

species attacking cynipid hosts for which specimens were available for this study (given after 

the group name below) are as follows: 

Cyaneus group: Tor mus cvaneus, T. notatus. 

Erucarum group: T. erucarum, T. nobilis. 

Bedugaris group: T. geranii, T. auratus, with T. bedeguaris in rose galls. 

Torymusfiavipes is recognised as belonging to a single species group of its own. The status of 

these species groupings remains untested using molecular markers. Two parasitoids known to 
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have a mixed trophic strategy, involving parasitoid development with consumption of gall 

plant tissue, are known in the Toryminae: Torymus cyaneus attacks oak galls, while 

Glyphomerus stigma develops in rose galls (Csóka et al. 2005) 

(b) Megastigminae. The Megastigminae are described as primarily phytophagous by Grissell 

(1995). However, the host associations of many species are unknown. Of a total of 125 

described species, 59 (47%) are known to be seed feeders (Roques & Skrzypczynska 2003). 

The phytophagous species have been reared from at least seven plant families, and most are 

associated with the seeds of coniferous trees and rosaceous plants. Three species of the genus 

Bortesia are known gall inducers on Proteaceae (La Salle 1995). It is not clear whether 

additional gall inducing species exist in the genus Megastigmus: this has been proposed by 

Boucek (1988), but I was unable to locate any literature on the biology of specific species. As 

with the Toryminae, entomophagous members are primarily associated with Hymenopteran 

and Dipteran gall formers. 

Given the trophic diversity described above, I would have liked to include the following taxa 

for a formal analysis of life-history switches within the Torymidae: Torymus seed feeders, 

Torymus gall inducers, Torymus inquilines, Toryminae parasitoids of gall inducing Diptera 

and Hymenoptera, Bortesia gall inducers, Megastigmus seed feeders and Megastigmus 

parasitoids of gall inducing Diptera and Hymenoptera. In order to bring together specimens 

for such an analysis, I contacted the following specialists around the world: 

Dr John Noyes, Research Entomologist & chalcid specialist, the Natural History 

Museum, London, UK. 

• Dr Mark Shaw, Curator of Zoology (now retired), the National Museum of Scotland, 

UK. 

• Dr George Melika, taxonomist at the Systematic Parasitoid Laboratory, Koszeg, 

Hungary. 

Dr Edward Grissell, chalcid systematist and current world authority on the Torymidae, 

US Department of Agriculture, USA. 

Dr Ebrahim Sadeghi, collaborator on oak gall wasp research, Research Institute of 

Forests & Rangelands, Teheran, Iran. 

Dr Jocelyn Berry, biocontrol researcher, New Zealand arthropod collection, New 

Zealand. 

Dr Chris Winks, biocontrol researcher, Landcare Research Institute, New Zealand. 



Chapter 5. Life history analysis 	 131 

• Dr Gary Taylor, researcher working on gall flies, Adelaide University, Australia. 

• Dr Lars Vilhelmsen, Curator, Zoological Museum, University of Copenhagen. 

• Dr James Amrine, Division of Plant and Soil Sciences, West Virginia University, 

USA. 

• Dr Chris Burwell, Curator of Entomology, Queensland Museum, Australia. 

Ultimately, it was not possible to gather the full range of species I had hoped for and the 

specimens that were available are listed in Table 5.1 below. 

Table 5.1 Torymidae species included in this study. The host plant and/or insect genus from which the 
specimens was reared is included, in addition to the host family of either the insect (for entomophagous species) 
or plant (for phytophagous species). Cyth, 28S and col refer to the gene fragments used in this study, and 
symbols indicate the successful amplification of the respective fragment. An asterisk after the species name 
indicates that sequence data was obtained from Genbank for that species. The oak-associated species are shown 
in Plate 5.1 at the end of this chapter. 

Species Feeding-type Host insect/plant genus Host Family Distribution cytb 28S col 

Glyphomerus stigma Entomophagous Diplolepsis on Rosa Cynipidae Palaearctic I / / 
Megastigmus dumicola Entomophagous Plagiotrochus on Quercus Cynipidae Palaearctic 1 / / 
Megastigmus aim usiensis Entomophagous Andricus on Quercus Cynipidae Palaearctic I I / 
Megastigmus dorsalis Entomophagous Andricus on Quercus Cynipidae Palaearctic / I / 
Megastigmus dorsalis Entomophagous Andricus On Quercus Cynipidae Palaearctic / I / 
Megastigmus politus Entomophagous Synophrus on Quercus Cynipidae Palaearctic / I / 
Megastigmus stigmatizans Entomophagous Andricus on Quercus Cynipidae Palaearctic / I / 
Megastigmus stigmatizans Entomophagous Andricus on Quercus Cynipidae Palaearctic / / / 
Torymus auratus Entomophagous Cynips on Quercus Cynipidae Palaearctic / I / 
Torymus beduguaris Entomophagous Diplolepsis on Rosa Cynipidae Palaearctic / / / 
Toiymus cyaneus Entomophagous Cynips on Quercus Cynipidae Palaearctic / 1 / 
Torymus erucarum Entomophagous Cynips on Quercus Cynipidae Palaearctic / I / 
Torymus erucarum Entomophagous Andricus on Quercus Cynipidae Palaearctic 1 1 / 
Torymus flavipes Entomophagous Neuroterus on Quercus Cynipidae Palaearctic 1 / / 
Tor,'mus flavipes Entomophagous Andricus on Quercus Cynipidae Palaearctic I I / 
Torymus geranhi Entomophagous Cynips on Quercus Cynipidae Palaearctic I / / 
Torymus nobilis Entomophagous Biorhiza on Quercus Cynipidae Palaearctic / / / 
T. bedugaris Entomophagous Diplolepsis On Rosa Cynipidae Palaearctic / / / 
Glyphomerus stigma Entomophagous Diplolepsis on Rosa Cynipidae Palaearctic I / / 
T. azureus* Entomophagous Plemeliella on Picea Cecidomyiidae Palaearctic / 
M. brevivalvus Entomophagous Eurytoma on Microcitrus Eurytomidae Australasian / 
M. sp I Entomophagous Procecidochares utilis on Aster Tephritidae Australasian / 
M. sp 2 Entomophagous Fergusonina on Eucalyptus Fergusonidae Australasian I 
M. sp 3 Entomophagous ? on Ficus ? Australasian I 
M. sp 4 Phytophagous Syzygium Myrtaceae Afrotropic I 
M. transvaalensis Phytophagous Schinus Anacardiaceae Afrotropic / 
M. pistacina Phytophagous Pistacia Anacardiaceae Palaearctic / 
M. aculeatus var. nigroflavus Phytophagous Rosa Rosaceae Palaearctic / 
M. pingii* Phytophagous Juniperus Cupressaceae East-Asian / 
M. thyoides Phytophagous Chamaecyparis Cupressaceae Nearctic / 
M. bipunctatus* Phytophagous Juniperus Cupressaceae Palaearctic / 
M. atlanticus' Phytophagous Cupressus Cupressaceae Palaearctic / 
M. wachtli Phytophagous Cupressus Cupressaceae Palaearctic / 
M. likiangensis * Phytophagous Picea Pinaceae East-Asian / 
Megastigmus specularis* Phytophagous Abies Pinaceae Nearctic / 
Megastigmus tsugae Phytophagous Tsuga Pinaceae Nearctic / 
Megastigmus rafni Phytophagous Abies Pinaceae Nearctic / 
Megastigmus pin us* Phytophagous Abies Pinaceae Nearctic I 
M. mileri* Phytophagous Abies Pinaceae Nearctic I 
Megastigmus lasiocarpae* Phytophagous Abies Pinaceae Nearctic / 
Megastigmus hoffmeyeri* Phytophagous Tsuga Pinaceae Nearctic / 
Megastigmus atedius' Phytophagous Picea Pinaceae Nearctic / 
Megastigmus schimitscheki*  Phytophagous Cedrus Pinaceae Palaearctic / 
Megastigmus suspectus* Phytophagous Abies Pinaceae Palaearctic / 
Megastigmus pinsapinis Phytophagous Cedrus Pinaceae Palaearctic I 
Megastigmus pictus* Phytophagous Larix Pinaceae Palaearctic I 
Megastigmus borriesi* Phytophagous Abies Pinaceae Palaearctic / 
Megastigmus rosae* Phytophagous Rosa Rosaceae Palaearctic / 
Megastigmus cryptomeriae*  Phytophagous Ciyptomeria Taxodiaceae East-Asian / 

*Sequence obtained from Genbank 
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The reduced suite of specimens listed in Table 5.1 prevented me from examining the full 

range of questions described above. However, these specimens did allow the following 

questions to be addressed: 

What is the relationship between seed feeding and entomophagy in Megastigmus (the only 

two feeding types currently known in this genus). Have these feeding types evolved 

repeatedly within the genus, or does one (and if so, which) represent the basal trophic strategy 

of the genus? 

Has a mixed trophic strategy of entomophagy with a phytophagous component evolved 

repeatedly in the Toryminae? As mentioned above, Glyphomerus stigma and Torymus 

cyaneus are known to feed on both insect and plant material. Such a feeding habit might 

represent a transition between entomophagy and phytophagy. Do these two taxa represent 

independent evolutions of a mixed feeding strategy within the Toryminae? 

What is the relationship between Toryminae attacking cynipid hosts on rose and oaks? 

Have there been transitions between the host gall wasp tribes Cynipini (on oaks) and 

Diplolepidini (on roses), or are parasitoids attacking one host group basal to the other? 

In addition to these life history questions, I will also address the following taxonomic issues: 

What is the relatioiiship between Megastigmus and Torymus? Do both genera represent 

natural (monophyletic) groupings, and which, if either, is ancestral to the other? 

What is the status of the Torymus species groups suggested by Graham and Gijswijt 

(1998)? Are these groups monophyletic, natural groups, or are they artificial paraphyletic or 

polyphyletic assemblages? 

5.2 Methods 

Laboratory techniques 

A total of 17 species were sequenced for fragments of the cytochrome b (cytb, 433 bp 

fragment), cytochrome oxidase I (col, 654 bp fragment), and 28S (658 bp fragment) genes. 
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There were no missing data and all sequences for a given fragment were the same length, 

except for 28S where there was a slight variation in sequence length due to the presence of 

indels (insertion-deletions). Two specimens of each species were sequenced using the 

molecular techniques detailed in Chapter 2. 

Phylogeneric analysis 

The three genes listed above were selected for the following reasons: cyth provides resolution 

in rapidly evolving lineages, whereas 28S resolves deeper nodes and avoids problems of 

sequence saturation associated with rapidly evolving genes (see Rokas et al. 2002 for a 

comparison of all 3 genes). An additional mtDNA fragment (COI), also relatively rapidly 

evolving, was also chosen to provide additional resolution among closely related species, 

since the cytb fragment used here is fairly small. Cytochrome oxidase was also chosen to 

contribute Torymid sequences to the molecular barcoding study described in Chapter 6. The 

aim was to amplify all three gene fragments for every species. However, amplification of cytb 

was not successful in every case, probably as a result of mutations in the primer binding site. 

Phylogenies were reconstructed for each gene fragment separately and in combination. The 

combined dataset has the potential advantage of resolving both terminal nodes (cyth and COI) 

and deeper nodes in the tree, and signals from the three fragments are expected to be 

concordant. MrBayes allows phylogenetic inference under mixed models to accommodate 

data heterogeneity (Ronquist & Hue1senbeck 2003), and combined analyses of mtDNA and 

28S have already proved useful for resolving relationships in parasitic wasps (eg Dowton & 

Austin 2001, Chen et al 2004). Thus, relationships were inferred using Bayesian methods as 

outlined in the methods chapter. 

Models of sequence evolution were estimated using MrModeltest. The conditions used were 

as follows: For the separate analyses, mtDNA fragments were partitioned by codon position, 

with the rate heterogeneity model and substitution model unlinked across positions. The GTR 

model with gamma (I') distributed rate variation was specified for the COI data set, and GTR 

+ I' + invariant sites (I) were also specified for cyth. The 28S fragment was also analysed 

using a GTR + F + I model of sequence evolution. However, it is not a protein coding 

fragment and was not partitioned according to codon position. 28S data can be broken down 

into 'stem' and 'loop' regions, according to the secondary structure of the RNA molecule for 

which it encodes. Loop regions are under less constaint due to a lack of nucleotide pairing and 

generally show higher rates of evolution. However, divison of the 28S gene into such regions 
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requires specialist attention, and was not attempted in this study. The combined analysis was 

carried out using a GTR + I' + I model with the following four partitions: mtDNA by codon 

position, and 28S. Outgroups selected from the Chalcidoidea were Caenacis lauta and 

Mesopolobus xanthocerus (Pteromalidae), Sycophila variegatta (Eurytomidae) and Ormyrus 

nitidulus (Ormyridae). The relationships between families within the Chalcidoidea are a 

current focus of phylogenetic research but remain unclear. The set selected includes a group 

long thought to lie within the Torymidae, and so closely related to them (Ormyridae), with 

two other families within the Chalcidoidea. 

Character mapping 

For a formal analysis of life history strategy, it would be necessary to reconstruct ancestral 

states across trees, instead of simply noting where species arose within a tree, since it is not 

always possible to identify the correct origin of the trait in quesiton. Ancestral states for each 

node in the torymid phylogeny could be reconstructed using a computer program such as 

Bayes-Multistate (Pagel et al 2004), and is planned for a later augmentation of this study. 

5.3 Results 

The fullest availability of samples is for the cytb tree (see Figure 5.2 below), which shows 

good resolution even among closely related species. The same relationships were supported 

by the data for COl, and so are not shown separately here. The 28S tree (Figure 5.3) provides 

moderate support for deep nodes but provides little or no resolution within the clades of 

closely-related species resolved by cytb sequence. The topology is compatible across both 

trees, supporting the use of sequences for both genes in a combined analysis (Figure 5.4). One 

aspect of the combined evidence tree is the apparent inclusion of Sycophila biguttata and 

Ormyrus nitidulus within the Torymidae. This is an artifact of taxon sampling and long-

branch attraction (Felsenstein 1978) and genuine relationships for these taxa are probably 

better represented by the analysis in Chapter 6. 
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Figure 5.2 Phylogeny for the European oak gall attacking Torymidae for cyth 
only, including sequences from Genbank (in bold text). Figures beside clades 

represent Bayesian posterior probabilities. 
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Figure 5.3 Phylogeny for the European oak gall attacking Torymidae for 28S 

only, including sequences for 7 additional Megastigmus species showing a 
diversity of individual trophic strategies. Figures beside clades represent 

Bayesian posterior probabilities. 
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Figure 5.4 Phylogram for the European oak gall attacking Torymid species included 

here, based on a combined analysis consisting of 28S, cytb and col gene fragments. 

Figures beside clades represent Bayesian posterior probabilities. 

The implications of the phylogenetic hypotheses in Figures 5.2-5.4 for the questions raised 

earlier are now discussed in turn below. 

1. The relationship between seed feeding and entomophagy in Megastigmus 

The cytb data strongly support the separation of seed feeding and entomophagous 

Megastigmus into separate sister group clades. Each trophic strategy is thus monophyletic 

within the genus. While data for Megastigmus alone cannot resolve which of these life 

histories is ancestral, the outgroups within the Chalcidoidea are parasitoids, making this the 

probable ancestral state. However, such a conclusion requires confirmation by more extensive 

sampling within the Torymidae. All the European entomophagous Megastigmus are included 

in the tree, while only a subset of the phytophagous species are. The short branches in the 

phytophagous dade (Fig. 5.2) suggest rapid speciation in this group relative to the 
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entomophagous dade, and this pattern will probably be strengthened by further sampling of 

phytophagous species. 

Evidence of repeated evolution of entomophagy with a phytophagous component in the 

Toryminae 

The separation between the two species showing mixed trophic strategies, Glyphomerus 

stigma and Torymus çyaneus, in the phylogenies above suggests that entomophagy with a 

phytophagous component has evolved at least twice in the Toryminae. However, caution is 

required in interpreting this pattern in terms of the evolutionary dynamics of the family 

Torymidae: an analysis using COI data for a broader sample of Chalcidoidea (Chapter 6) 

suggests that Glyphomerus stigma is not a member of the Torymidae, but of the Ormyridae. 

Though once thought to lie within the Torymidae, this view is not supported by my data (see 

Chapter 6). 

The relationship between Toryminae attacking hosts on rose and oaks 

All of the individual gene trees and the combined analysis support Glyphomerus as basal 

within the Toryminae. Since this parasitoid attacks hosts on roses, this is supported as the 

basal plant association within the subfamily. The cytb and COI trees and the combined 

evidence tree show Torymus ledeguaris, the only other rose-gall parasitoid in my dataset, to 

lie within a dade of Torymus attacking oak galls, suggesting a second shift from oaks to 

roses. The 28S tree is agnostic on this second transition, since the relationships in Torymus 

are not resolved. This result must be taken in the context of the possible misplacement of 

Glyphomerus within the Torymidae. If Glyphomerus is not a torymid, then the basal 

association with cynipids in my sample is with galls on oaks. 

Phylogenetic status of subfamilies in the Torymidae 

Both Megastigminae and Toryminae are supported as natural monophyletic groups for my 

samples, notwithstanding the placement of Glyphomerus. 

Status of species groups within Torymus 

Taxon sampling limited testing of monophyly to only two of the Torymus species groups - 
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the T. erucarum-species group, with 2 sampled species, is supported as monophyletic, while 

the T. beduguaris-group is paraphyletic on current sampling. 

5.4 Discussion 

Restrictions imposed by incomplete sampling 

I had hoped to address broader questions in this Chapter, but analyses were limited by a lack 

of specimens. My analysis was unable to address the issue of alternative evolutionary 

pathways from entomophagy to gall induction. However, these are currently being addressed 

in both Torymidae and Eurytomidae using a larger set of taxa. I was also unable to test the 

status of the Torymus cyaneus species groups within Torymus. 

Relative diversification of alternative trophic strategies in Megastigmus 

It is clear that seed feeding has been associated with a higher rate of speciation (ie adaptive 

radiation) than entomophagy in Megastigmus. This pattern is replicated between the 

phytophagous Cynipidae and their Figitid parasitiod sister group (Ronquist 1994), and also 

the Agaonidae and their parasitoid sister group (Machado 2005). In contrast to the parasitoids, 

most of the seed feeders and gall inducers are host specific or nearly so, illustrating the 

general pattern that host specificity coupled with high host diversity may drive the evolution 

of species richness in the next trophic level. 

Repeated evolution of partial phytophagy in the Toryminae 

Whatever the taxonomic placement of Glyphomerus, there have been at least two independent 

evolutions of partial phytophagy in my set of taxa. These species are important because they 

illustrate the mixed trophic behaviour required for transition from an entomophagous to a 

wholly phytophagous diet, and perhaps illustrate the ancestral feeding behaviour for the seed 

eating dade in Megastigmus. No Megastigmus with a partially phytophagous diet are yet 

known, but such species may have existed in the past. This illustrates a weakness of all 

analyses of character evolution using living taxa: reconstructions of evolutionary changes 

might be quite diffeerent if we knew about clades that have gone extinct since their 

divergence within the tree of taxa under study. The rarity of mixed feeding strategies may 

itself be an artefact of our knowledge of torymid biology. The hosts of many Torymids 
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remain unknown, and even for known parasitoids we do not know if the larval diet is purely 

carnivorous or partially phytophagous. 

Basal host plant associations in Torymidae 

The taxa sampled here suggest a basal association with roses in the Toryminae. Were this 

result robust to sampling a wider set of taxa it would be of interest since it parallels the host 

plant shift seen in the host cynipids (Ronquist 1994). However, before this conclusion can be 

supported the position of Glyphomerus must be resolved (see Chapter 6). If the more finely 

resolved picture supported by the cytb and combined analysis trees is true, it suggests that 

unlike the cynipid hosts the parasitoids can return to roses from oaks. 

Taxonomic considerations 

The support of Megastigminae and Toryminae as natural monophyletic groups suggests that 

the morphological characters used to distinguish these subfamilies are reliable. This is of use 

since it means that further taxa for life-history evolution analyses can be reliably selected at 

least to the level of genus using current taxonomy. The species-groups of Graham and 

Gijswijt (1998) are only partially supported by the limited sampling provided here. The 

bedeguaris-group appears to be paraphyletic on the basis of molecular data, but further 

sampling is required to confirm whether this result is consistent with the addition of further 

species. 

An issue to be raised here is whether Glyphomerus stigma is an appropriate taxon to include 

in this analysis. Although Glyphomerus species possess morphological characters that ally 

them with the Toryminae, and they were kept within the subfamily during a recent taxonomic 

revision by Grissel (1995), molecular data from Chapter 6 does not support inclusion of 

Glyphomerus within the Torymidae. This raises the general point that phylogenetic 

relationships within the Chalcidoidea require considerably more research. While analyses of 

character evolution are possible within strongly supported monophyletic groups (as Torymus 

and Megastigmus appear to be), extension of such analyses more broadly into the Torymidae 

or their putative sister groups in the Chalcidoidea must proceed with extreme caution! The 

impact of Glyphomerus on character reconstruction in Torymus indicates the impact that 

'rogue' taxa can have. 
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A final result of note is the location of Torymus azeureus within the Toryminae. This species 

is the only one of the Toryminae taxa included here to attack a non-cynipid host (gall midges 

on pine). The analysis of cytb sequences places T. azeurus with high posterior probability 

within a dade whose members attack cynipid hosts on oak. This illustrates the value of 

sampling further taxa on a greater variety of insect hosts and plants. Taken at face value my 

results suggest that shifts between both insect hosts and plants on very different groups are 

possible. Furthermore, were other Torymid species to lie within an apparent 'oak cynipid-host 

dade', monophyly of Torymus attacking these hosts would be challenged. I will address this 

issue in future using samples kindly donated by Dr RR Askew. 
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Plate 5.1. Western palaearctic torymids in oak cynipid galls, part 1. 1-3 Megastigmus dorsalis. 1 and 2 
show colour variations in females, 3 is a male. 4,5 female and male Megastigmus stigmatizans. 6,7 female 
and male Megastigmus synophri. 8 female Megastiginus almusiensis. 9. female Adontomerus crassipes. 
Image 8 is a fresh alcohol-stored specimen. 
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Plate 5.2. Western palaearctic torymids in oak cynipid galls, part 2: 1,2 male and female Torymus affinis. 
3 male and 4,5,6 female T. auratus. 7 male and 8,9 female T. cyaneus. Images 2 (inset), S and 9 show fresh 
alcohol-stored material. 
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Plate 5.3. Western Palaearctic torymids in oak cynipid galls, part 3: 1,2 male and female T. erucarum. 3,4 
female Torymus favipes. 5 female T. geranii. 6 Female T. nobilis. 7,8 male and female T. notatus. Images 
2,3 and 6 show fresh alcohol-stored material. 
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Chapter 6 

Barcoding of oak gall wasp communities 

6.1 Introduction 

This Chapter contains an investigation into the utility of COI barcoding in oak gall wasp 

communities. A discussion of the need for such an approach begins the chapter, followed by a 

brief review of the current state of molecular taxonomy. Barcoding of a group of 39 oak gall 

wasp parasitoid species and a group of putative Synerini species then follows in order to 

evaluate the potential utility of this approach in oak gall wasp communities. 

6.2.1 Current impediments to data collection from oak galls 

The study of oak gall wasp communities has provided valuable insights into a range of 

questions in ecology and evolution (Stone et al 2002, Csóka et al 2005). The system offers 

many further opportunities for research, and has the potential to become a powerful model for 

future analyses (Csóka et al 2005, Hayward & Stone 2005). However, the efficiency of large-

scale ecological data collection from oak galls is currently limited by difficulties relating to 

the rearing and identification of their inhabitants, particularly the immature stages (eggs and 

larvae). 

After collection, oak galls are placed in rearings for between 1-6 years to allow their 

inhabitants to develop to adulthood and emerge from the gall. The material obtained is then 

usually sent to specialist taxonomists for identification before further study can take place. 

Both the initial time burden whilst gall inhabitants emerge, and the subsequent time taken for 

identification can delay the onset of scientific study considerably. - 

An additional problem with rearing is that the adult specimens that emerge from a gall may 

not fully represent the richness or relative abundance of all the original inhabitants. 
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Specimens may perish due to imperfect conditions (Stone el a11995), and ecological 

interactions between occupants in a gall mean that individuals may be killed or predated 

during the rearing period (Shorthouse & Rohfritsch 1992, Stone et a! 2002). It has not been 

possible to avoid problems associated with rearing by identifying larvae, since egg and larval 

taxonomy are generally little studied. Larval morphology is known to be a useful guide to 

relationships in the cynipid inquilines (VArdal 2004, Vârdal & Nieves-Aldrey 2005), but the 

immature stages of the parasitoids are generally little-known. Although a basic key to larvae 

of some genera and families exists (Askew 1984), there is no key that allows the identification 

of immature parasitoids to species for the rich communities of southern Europe. 

Furthermore, the time required to develop the skills necessary to accurately identify the 

species common in oak galls is considerable. In Europe the gall formers can generally be 

identified according to gall morphology, but this is much harder elsewhere and wasps can be 

very hard to identify even as adults (Stone et al 2002). Identification of parasitoids requires 

reference to six chalcid families, and identification of many inquiline species and some 

parasitoids (e.g. the cryptic Eurytoma types in Chapter 4) is not currently possible on the basis 

of morphology alone. Problems may be compounded in the future due to the current trend in 

the declining number of taxonomists being trained (Hopkins & Freckleton 2002), and by 

extension of research to new faunistic regions (eg the oak cynipid faunas associated with 

tropical Cyclobalanopsis oaks in regions such as Taiwan, with an estimated richness of 40 

undescribed cynipid hosts) beyond the experience of existing taxonomists. 

6.2.2 The advent of molecular taxonomy 

The holy grail of species identification for ecological research would be a means of providing 

rapid and accurate identifications. A possible solution to the taxonomic impediment 

associated with traditional approaches is the use of modern molecular techniques to provide a 

new 'molecular taxonomy' (Godfray 2002, Tautz et al 2003, Blaxter 2003). 

Part of the interest in molecular taxonomy is due to the realisation that we are still a very long 

way from cataloguing the true diversity of the planet (May 1988, Blaxter 2004). Estimates of 

the total number of earth's species typically range from 4 to 100 million, but only around 1.7 

million of these have been formally described (Stork 1997). Furthermore, time may be 

running out to catalogue species diversity in many areas threatened by mass extinctions 

caused by man. There has also been a realisation that molecular taxonomy may provide the 
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only means to identify many currently neglected taxa (Blaxter et al 2004), and also the often 

highly abundant and probably extremely speciose groups that lack a high degree of 

morphological differentiation (eg nematodes, mites, bacteria) (Hebert et a! 2003a, Blaxter 

2004) 

The next section examines the considerations that apply to the selection of a suitable genetic 

marker for use in molecular taxonomy. The feasibility of one such marker (CU!) is then 

investigated for use in oak gall wasp communities. 

6.2.3 Selection of a suitable marker for molecular taxonomy 

A molecular marker suitable for the separation of species by molecular taxonomy should 

possess the following characteristics (Hebert et a! 2003a, Blaxter 2004a): 

Universality - the marker should be applicable to as many groups as possible so that 

comparisons across taxa can be made. 

Variability - the marker should contain sufficient variation to allow differentiation at the 

species level. 

Accessibility - amplification of the marker should be as easy as possible. 

Ease of use - alignment and analysis of the variability within the marker should be as easy 

as possible. 

Markers so far commonly employed in animal molecular taxonomy include the nuclear small 

subunit ribosomal RNA gene (ssrDNA), the nuclear large subunit ribosomal gene (15rDNA), 

the internal transcribed spacer section of the ribosomal array (ITS), and the mitochondrial 

cytochome c oxidase I gene (COI) (Blaxter 2004a). Of these, the ssrDNA and 1srDNA genes 

can lack the resolution necessary to differentiate between closely related species (Tautz et al 

2003, Caterino 2000, and see Chapter 5 for Torymidae). In addition, variable regions within 

the genes can prove problematic to align (McHugh 1998, Winnepenninckx & Backeljau 

1996). ITS sequences can also prove difficult to align due to indel events, and the presence of 

intra-genomic variation can result in difficulties during sequencing (Wesson et al. 1992, 

Rokas et a! 2001, 2002). The COT gene also has various problems associated with its usage 

(discussed below). However, the gene has a number of attributes that mark it out as a good 

choice for use in molecular taxonomy, and its adoption as a general molecular taxonomic 
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marker has been the focus of a recent and ongoing campaign by Herbert and collaborators 

(Hebert et al 2003a, 2003b, 2004). 

6.2.4 The application of COI as a universal DNA barcode 

As part of a world-wide effort to catalogue the earth's species, in the 'Barcoding Life' 

initiative (http://www.barcodinglife.org/),  Hebert and collaborators have advocated the 

adoption of a COI gene fragment for use as a universal species 'barcode'. The term is used as a 

direct analogy to the Uniform Product Code (UPC) barcodes that feature arrangements of 

parallel bars and spaces of varying width used to uniquely identify manufactured goods. The 

Barcoding Life initiative aims to characterise as many of the earth's species as possible for 

COI in order to aid identification. Planned outputs of the project include a web-accessible 

database of DNA barcodes, and perhaps one day even a hand-held species identification 

device. The use of the term 'barcode' has been questioned by some since it implies that each 

species has a fixed and invariant characteristic (Moritz & Cicero 2004) and an alternative 

term is the 'molecular operational taxonomic unit' (Floyd et al 2002). However, the use of the 

word barcode is adopted here, since I do not share criticism of the term. 

I 	I 1.1111 
32013 701851

- 11 0 

Figure 6.1 Example of a UPC standardised product barcode. A series of 12 

digits and an associated series of bars and spaces coding for the same numbers 

CAAAATAAATGTTGATATAAAATTGGATCTCCCCCTCCTGCTGGATCAAAAAAAGAT 
GTATTTAAATTTCGATCAAACAATAATATAGTAATTGCTCCAGCTAAAACAGGTAAT 
GATAATAATAATAA.AATAGCTGTTAATAATATAGATCATGAAAATAATGGAATCAAA 
TCAATCTTAAACAATTTTATATTTAAAATTGTAGAAATAAAATTAATAGAAGCTATA 
ATTGATGAAACCCCAGCAATATGTAAAGAAAAAATAGATAAATCAACTGATGGACCT 
CCATGAGATAAATTTGATGATAAAGGAGGATAAACAGTTCAACCTGTTCCAGTACCA 
CTACCAATAAATATTCTAGAAATTAATAATATAATTCTCGGAGGAAGAAGTCAGAAA 
CTTATATTATTCATTCGAGGAAATGCCATATCAGGAACTCCTATAATTAAAGGAATT 
AAAAAATTTCCAAATCCCCCTATTATTACAGGCATAACAAAAAAAAAAATTATAATA 
AAAGCATGAGTAGTTACTACTGAATTATAAATTTGATCATTTCCAATTAAAGAACCA 
GGATTACCTAATTCTATTCGAATAATTAATCTTAATGATAATCCAATAATACCAGAT 
CATATACCAAAAATAAAATACATAATT 

Figure 6. Example of a COI 'barcode'. A 654 bp fragment of the COI gene for the oak gall 

wasp parasitoid Megastigmus stigmatizans. In effect, the sequence is similar to a conventional 
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barcode, but with the equivalent of 654 bars, where the variable states (A, T, C, G) at each site 

convey the information as opposed to bar width. 

COI represents a good choice as a barcoding gene satisfying all of the criteria outlined in 

section 6.2.3 (Hillis et a! 1996, Avise 2000): 

Universality - in addition to cyth, COI is the other protein coding mtDNA gene that is 

present in all eukaryotes. 

Variability - as part of the mtDNA genome, CO! evolves rapidly. 

Accessibility - a wide range of primers exist for the amplification of COI from a diverse 

range of animal phyla making it a promising choice for species identification and 

comparisons across taxa (Folmer et el. 1994). 

Ease of use - mtDNA genes generally pass unchanged from parent to offspring and contain 

no structural complications such as introns. In addition, as part of the mitochondrial genome 

COI is present in high copy number per cell. Typically, each cell only contains 2 copies of 

nuclear DNA sequences, but 100-10,000 mitochondrial genomes. This feature aids DNA 

recovery and PCR amplification, and is particularly useful when dealing with degraded 

specimens or small amounts of tissue. 

A fragment of approximately 645 bp (the exact length varies depending on species) of the 

COI gene has been adopted as the standard barcoding fragment. As opposed to UPC barcodes, 

which use a decimal code, genetic material is based on a quaternary code, but in theory this 

still provides enormous potential variability. For example, a sequence only 15 nucleotides 

long with 4 character alternatives at each position has over one billion unique combinations. 

However, nucleotides are not random since they code for something of biological meaning 

(which eliminates some possible sequences) and share common ancestry (meaning that not all 

of 'molecular barcode space is sampled by living organisms). A larger fragment is thus 

required. The 645 bp fragment represents a length of sequence that is relatively short and easy 

to work with, but should contain enough information for discrimination between closely 

related species. 

Hebert et al (2003b) demonstrated that COI shows enough sequence divergence to separate a 

large number of animal species with a comparison of 13,000 pairs of congeneric species from 

11 phyla using COI sequences. The results of the study indicated a mean sequence divergence 

of 11.3% between species pairs (equivalent to about 73 diagnostic substitutions for a 645 bp 
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length of DNA). With the exception of the Cnidaria, 98% of the species pairs showed more 

than 2% divergence (13 diagnostic substitutions for 645 bp), and most pairs (79%) showed 

greater than 8% sequence divergence. The Cnidaria displayed far lower divergence with 

94.1% of species possessing less than 2% sequence divergence, and the authors suggest that 

this result is probably due to the existence of an excision-repair system in the Cnidaria that is 

absent in other animal mitochondria. 

The real test of the efficiency of a barcoding gene is its ability to discriminate between closely 

related taxa. Hebert conducted a study (Hebert et a! 2004) to test the correspondence between 

species boundaries indicated by COI barcodes in a closely related group of species and those 

established by prior taxonomic research. A group of 260 North American bird species were 

chosen as the subject of the study, since they represent one of the largest and best-studied 

vertebrate groups and as a result morphological taxonomy is well established. All the species 

included were found to have different COI barcodes and differences between species (average 

7.93%) were found to be 18 times greater in magnitude than those within species (0.43%). On 

the basis of this result, the authors argued that since patterns of intraspecific and interspecific 

variation in COI appear to be similar in various animal groups, a "standard screening 

threshold" of ten times the average intraspecific difference could be adopted in order to 

identify genetically divergent taxa as provisional species. The authors applied this threshold 

to the species examined in their study to give a 2.7% threshold for North American bird 

species (using the within species divergence average of 0.27% found, excluding four species 

that contained deep divergences within them, possibly indicating the presence of multiple 

species). Such a threshold would recbgnize over 90% of the 260 species. 

However, the use of COI does not come without potential problems or critics. Mallet & 

Willmot (2003) object that DNA sequence differences between closely related species will 

often be too small to allow their discrimination, and that horizontal transfer between divergent 

lineages will confuse the issue. Indeed, cases of mitochondrial transfer by hybridisation 

(introgression) have been detected between closely related animal species (eg Glemet et a! 

1998), including gall wasps (Rokas et al. 2003 a,b). In addition, pseudogenes - nonfunctional 

copies of mtDNA genes usually containing multiple mutations and/or deletions can be a 

problem, and have been proven to exist in gall wasps (Rokas et al. 2003 a, b). This is a 

problem since the DNA under consideration must be known to be orthologous between 

species, since paralogues will define gene groups rather than species groups (Floyd et al 



Barcoding oak gall wasp communities 	 151 

2002). The extent to which pseudogenes and introgression are present in oak gall wasp 

parasitoids and inquilines is unknown, but neither have yet been detected. 

In addition, Moritz & Cicero (2004) also warn of the potential limitations of using mtDNA to 

infer species boundaries due to the retention of ancestral polymorphism, male-biased gene 

flow, and selection on any mtDNA nucleotide (as a result of the entire genome comprising 

one linkage group). These concerns are reiterated by Jiggins & Hurst (2005). Moritz & Cicero 

(2004) also warn of the potential pit-falls in using thresholds of intraspecific difference to 

infer species. Moritz & Cicero point out that previous studies that examined mtDNA genetic 

divergence in 39 sister species of north American birds revealed an average of 1.9% sequence 

divergence between species (Johnson & Cicero 2004), and that 29 pairs were at or below the 

2.7% threshold suggested by Hebert et al. Thus, they would not be recognised as different 

species despite biological differences. Furthermore, paraphyly in mtDNA haplotypes among 

morphologically recognised species were also uncovered in these studies. 

6.3 Application of COI barcoding to the oak gall wasp system 

Due to the room for improvement in species identification in oak gall wasp communities and 

the suitable characteristics of CU! described above (particularly its ease of use and potential 

ability to identify species based on small amounts of specimen material), a pilot study was 

undertaken to investigate its potential in this system. The application and results of this study 

are provided below, and a brief review of how the method might be employed to improve data 

collection from oak galls is provided in the discussion. 

6.4 Methods 

Specimen identification 

All parasitoid specimens used in this Chapter were identified by taxonomists (Drs G. Melika 

& C. Thüroczy) at the Systematic Parasitoid Laboratory, Koszeg, Hungary. I also checked all 

specimens using the key constructed by Askew & Thüroczy (2005). Inquiline material was 

identified by Dr G Melika and Dr JL Nieves-Aldrey (Museo Nacional de Ciencias Naturales, 

Madrid). Specimens included in this study mainly originate from Hungary, but further 

geographic sampling will be necessary to generate a reliably useable set of European or 

western Palaearctic barcodes. 
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Most of the parasitoid species are well defined morphological species, although the extent to 

which groups of morphologically similar sibling species exist within current species is 

unknown (such as for Eurytoma brunniventris, Chapter 4). However, by comparison, the 

taxonomy of the Synergini is highly unstable and the specimens included here are part of a 

large ongoing study utilising both morphological and molecular markers to help resolve the 

issue. A list of the parasitoid species included in this study and their sampling locations is 

provided in Table 6.1 below, and for the inquiline species in Table 6.2. In many cases, the 

inquiline species are listed as putative members of multispecies complexes reflecting their 

current unknown status. 

Data generation 

DNA extraction, PCR amplification and sequencing were carried out as described in Chapter 

2. Wherever possible two members of each species were included so that between species and 

within species sequence divergence could be compared. 

Trees were constructed using the neighbour-joining approach and sequence divergence is 

expressed as uncorrected distances. The data are presented in this way since uncorrected 

distances most clearly express the actual physical differences between sequences, which is the 

critical factor when applying means of discriminating species on the basis of distinctive 

barcodes. 
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Table 6.1 Parasitoid species for which COl barcodes were obtained. Spec No. refers to the specimen IDs used 

in this study. 

Spec No. Parasitoid species Family Host gall species site Country Latitude 
1, 2 Mesopolobus xanthocerus Pteromalidae Andricus quercusramuli Matrafured Hungary 471  49' 60N 

4 Mesopolobus fuscipes Pteromalidae Cems bud gall 0 Szentkut Hungary 47° 58'60N 
5 Mesopolobus fuscipes Pteromalidae' Cems bud gall 1 Matrafured Hungary 47° 49'60N 

7, 8 Mesopolobus amaenus Pteromalidae Andricus mu/tiplicatus Matrafured Hungary 47 0  49' 60N 
10 Mesopolobus tibia/is Pteromalidae Andricus singular/s Godollo Hungary 47 036'0N 
12 Mesopo/obus tibia I/s Pteromalidae Cynips longiventris Godollo Hungary 47°36'0N 

13, 14 Cecidostiba fun gosa Pteromalidae Andricus hungaricus Godollo Hungary 47036'0'N 
16, 17 Cecidostiba semifascia Pteromalidae Biorhiza pal/ida Szentkut Hungary 47° 58' 60N 

18 Caenacis lauta Pteromalidae Andricus lucidus Matrafured Hungary 470  49'60N 
19 Caenacis lauta Pteromalidae Andricus ko/lari Godollo Hungary 47°36'0'N 
21 Hobbya stenonota Pteromalidae Biorhiza pa//ida Godollo Hungary 47 036'0'N 
24 Sycophila variegate Eurytomidae Andricus amblycerus Matrafured Hungary 47° 49 1  60N 
26 Sycophila variegate Eurytomidae Andrlcus ca/ic/form/s Matrafured Hungary 47° 49 60N 
27 Sycophila biguttata Eurytomidae Andricus mayrl Godollo Hungary 47°36 10"N 
29 Sycophila biguttata Eurytomidae Andricus coriarius Szentkut Hungary 47 0  58' 60N 
30 Eurytoma pistaciae Eurytomidae Andricus so/itarius Matrafured Hungary 47 0  49' 60N 
31 Eurytoma pistaciae Eurytomidae Andricus mayrl Godollo Hungary 47°36'0'N 

ebfi Eurytoma bruniventris Eurytomidae Trigonaspis synapis Varpalota Hungary 470  12' ON 
ebsi Euiytoma bruniventris Eurytomidae Cynips quercus Sopron Hungary 47° 40'60N 

32 Eupelmus annulatus Eupelmidae Andricus kol/ari Godollo Hungary 47036'0'N 
33 Eupelmus annulatus Eupelmidae Biorhiza pal/ida Matrafured Hungary 47° 49' 60N 
34 Eupelmus urozonus Eupelmidae Cynips disticha Godollo Hungary 47°36'0'N 
35 Eupelmus urozonus Eupelmidae Biorhiza pa//ida Szentkut Hungary 470  58' 60N 
37 Ormyrus nitidulus Ormyridae Andricus kol/ari Godollo Hungary 47 036'0'N 

/ Ormyrus nitidulus Ormyridae Andricus ko//ari Godollo Hungary 47°36'0'N 
40 Ormynis pomaceus Ormyridae Andricus corruptnx Godollo Hungary 47 0 36'0"N 

/ Ormyrus pomaceus Ormyridae Andricus mayn Godollo Hungary 47 0 36'O"N 
43, 44 Minotetrastichus frontalis Eulophidae Neuroterus numisma/is Matrafured Hungary 47° 49' 60N 

46 C/ostemcerus trifasciatus Eulophidae Neuroterus numisma/is Matrafured Hungary 47° 49' 60N 
48, 49 Aprostocetus cerr/co/a Eulophidae Andricus multiplicatus Matrafured Hungary 47° 49' 60N 
51, 52 Aulogymnus ga/iarum Eulophidae Andricus quercusramuli Matrafured Hungary 47° 49' 60N 

54 Aulogymnus testaceoviridis Eulophidae Andricus singu/aris Matrafured Hungary 47° 49' 60N 
55 Aulogymnus testa ceo v/rid/s Eulophidae Andricus quercusramuli Matrafured Hungary 47 0  49' 60N 
56 Aulogymnus arsames Euloph/dae Andricus schroeckingeri Sopron Hungary 47 0  40' 60N 
57 Aulogymnus arsames Eulophidae Andricus mu/tip/icatus Sopron Hungary 47° 40' 60N 
58 Aulogymnus tri/ineatus Eulophidae Andricus quercustozae Varpalota Hungary 47° 12' ON 
59 Auiogymnus tri/ineatus Eulophidae Andricus collar/us Sopron Hungary 47° 40' 60N 
60 Baryscapus pa/Iidae Eulophidae Biorhiza pal/ida Matrafured Hungary 47° 49 60N 
61 Baiyscapus pa//idae Eulophidae Cynips comifex Szentkut Hungary 47° 58' 60N 

63,64 Bar,'scapus diaphantus Eulophidae Biorhiza pal/ida Godollo Hungary 47°36 1 0"N 
66 Baryscapus anassilus Eulophidae Biorhiza pal/ida Godollo Hungary 47°36'O"N 
67 Baryscapus anassilus Eulophidae Biorhiza pal/ida Godollo Hungary 47 036'0"N 

21, 22 Glyphomerus stigma Torymidae Dip/o/epsis rosae Anatolikon Greece 401  39'47N 
3,4 Megastigmus a/musiensis Torymidae Andricus seckendorfl Madenli Turkey 40° 53' 60N 

12 Megastigmus dorsalis Torymidae Andricus hungaricus Godollo Hungary 47136'0"N 
19 Megastlgmus dorsalis Torymidae Andricus ko//ari Teignmouth Britain 50 0  32' 60N 

1, 2 Megastigmus po/itus Torymidae Synophrus po/itus Pisodherion Greece 40° 46' 60N 
80 Megastigmus stigmatizans Torymidae Andricus ko//ari Chiusi Italy 43°1'0'N 
95 Megastigmus stigmatizans Torymidae Andricus quercustozae Sobr-eiro de Cima Portugal 41° 51' ON 

7, 8 Torymus auratus Torymidae Cynips quercusfolii Koszeg Hungary 47 0  22' 60N 
18, 19 Toiymus beduguaris Torymidae Dip/olepsis rosae Laroles Spain 37 0  VON 

1, 2 Torymus cyaneus Torymidae Cynips quercus Szentkut Hungary 47 0  58' 60N 
13 Tor,'mus erucarum Torymidae Cynips spp 1 Godollo Hungary 47 036'0'N 
14 Toymus erucarum Torymidae Andricus ko/lari Godollo Hungary 47036'0'N 
4 Toiymus flavipes Torymidae Neuroterus quercusbaccarum Godollo Hungary 47 036'0'N 
5 Torymus flavipes Torymidae Andricus curvator Matrafured Hungary 47° 49' 60N 

10, 11 Torymus geranii Torymidae Cynips /ongiventris Godollo Hungary 47°36'0'N 
16, 17 Torymus nobiiis Torymidae Biorhiza pa//ida Miraflores. Madrid Spain 40° 49' ON 
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Table 6.2 Inquiline species for which COT barcodes were obtained. Spec No. refers to the specimen IDS used in 

this study. Use of the symbol 'V indicates that exact locality is unknown for that specimen. 

Spec No. Synergini species Host gall species Host oak species Site name 	Country Latitude Longitude 

1 Synergus umbraculus Andñcus gallaetinctonae petraea Sopron Hungary 47° 40 60N 16° 36 OE 
2 Synergus umbraculus Andñcus lucidus pubescens MátrafUred 	Hungary 47 49'60N 19° 5 	OE 
6 Syneigus hayneanusireinhardi Andricus quercustozae pubescens Vbrpalota 	Hungary 47° 12' ON 18° 7' 60E 
7 Syneigus hayneanutheinharrii Andricus caputrnedusae pubescens Szentküt 	Hungary 4 	49'60N 19 58' OE 
8 Synegus hayneanus Andacus gat/aetinctonae petreea SzentkUt 	Hungary 4 	49'60N 19 58' OE 
9 Synergus hayneanus Andricus quercustozae pubesc. Várpalota 	Hungary 47° 12' ON 18° 7 60E 

10 Synergus umbra r.uluslhayneanus Andncus conanus pubescens Szentkbl 	Hungary 47° 49'60N 19° 58 OE 
11 Synergus umbra cu/us/hayneanus And,icus lucidus robur Gadofla 	Hungary 47°36'0°N 19°19'48°E 
12 Synergus pa!lidipennis Andricus hungaricus robur Gedoto Hungary 47*36'0°N 1999'48E 
13 Synergus pa!!idipennis Andricus conificus pubescens Varpatota 	Hungary 47° 12 ON 180  7' 60E 
14 Synergus gallaepomiformis And,icus hungancus mbur G60116 Hungary 47°36'0°N 19°19148°E 
15 Synergus gal/a epomiformis Andricus gal/aetinctonae robur God011S 	Hungary 47°36'0°N 19°19'48°E 
16 Synergus ga//aepomiformisipa/licomis Andricus hungancus mbur GodSilO 	Hungary 47°360°N 19°1 948E 
17 Synergus gallaepomiformislpallicomis Andncus coria,ius pubescens Sopron 	Hungary 47° 40' 60N 16° 36' OE 
18 Synergus pal/icomis/gal/aepomifo,rnis And,icus hungaricus robur Godollo 	Hungary 47°360°N 19°1 948°E 
19 Synergus pal/icomislgallaepomifo,mis Andncus ga!!aetinctonae petraea MâtrafOred 	Hungary 47° 49' 60N 19° 58 GE 
20 Synergus pal/icomis Andncus gallaetinctonae petraea SzentkUt 	Hungary 47° 49'60N 19.  58' GE 
21 Synergus pal/icomis Anddcus caputmedusae robur Godolla 	Hungary 47*36'0°N 19°19'48°E 
22 Synergus pal/icomis/nervosus.a/bipes Andricus ga//aetinctonae robur Gadallo 	Hungary 47°36'0°N 19°19'48°E 
23 Synerguspal/icomis/nervosus-albipes Andncus conanus pubescens Sopron 	Hungary 47° 40' 60N 16° 36 OE 
24 Synergus gallaepomiformis/a/bipes Andricus conanus pubescens Sopron 	Hungary 470  40 60N 16° 36' OE 
25 Syneigus ga//a epomiformisJa/bipes Andricus co,ianus pubescens Sopron 	Hungary 470  40' 60N 16° 36' OE 
26 Synergus nevosuslatbipes Andricus conanus pubescens Sopron 	Hungary 470  40' 60N 16° 36' OE 
27 Synargus nevosusla!bipes Andricus hungaricus cams GodolIa 	Hungary 47*36'0°N 19°19'48°E 
28 Synergus physocerus Ti/gonaspis synaspis robur Várpalota 	Hungary 47° 12' ON 18°  7' 60E 
29 Synargus physocerus Trigonaspis synaspis robur Várpalota 	Hungary 47 0  12' ON 18° 7' 60E 
30 Synergus diaphanus Andricus conificus pubescens Vdrpalota 	Hungary 47 0  12' ON 18° 7' 60E 
31 Synergus diaphanus Andncus conificus pubescens Varpalota 	Hungary 47° 12' ON 18° 7' 60E 
32 Synophnjspolitus Synophrus pci/itus cams Sopron 	Hungary 47° 40' 60N 16 1  36' OE 
33 Synophrus poll/us Synophruspo/itus cams Sopron 	Hungary 47° 40' 60N 16 1  36' OE 
34 Ceroptres c/a vicomis Andncus conglomaratus robur Godallo 	Hungary 47°360°N 1 9°19'48°E 
35 Caroptres clavicomis Andncus lignico/us petraea Gadalla 	Hungary 47°36'0°N 1 9°1 9'48"E 
36 Caroptres cam Nauroterus macroptenis cems Sopron 	Hungary 47° 40' 60N 16 0  36' OE 
37 Ceroptras cern cams bud gall   cams Godollo 	Hungary 47*360"N 19°19'48"E 
38 Synargus tiavipes Naurotarus tanuginosus cams MbtrafOred 	Hungary 47° 4960W 19° 58' OE 
39 Synergus 1/avipas Naurotarus saliens cams Szentkbt 	Hungary 47° 49' 60N 19° 58' OE 
40 Synargus apicalis/rotundiventns Andncus qramu/i patraea Mbtrafbred 	Hungary 47° 49'60N 19° 58' OE 
41 Synergus apica/is/mtundiventiis Andncus gallaa/inctoriae robur GOdaIla 	Hungary 47°36'0°N 19°19'48°E 
42 Synargus thaumacerus Andncus grossu/ariae cams GadolIO 	Hungary 47°36'0°N 1 9°1 9'48°E 
43 Synargus thaumocarus Chiaspis ni/ida cams Sopron 	Hungary 47° 40' 60N 16° 36' OE 
44 Synargus consobrinus Andricus grossu/anae cerris God011o 	Hungary 47°36'0"N 1 9°1 9'48°E 
45 Synargus consobrinus Andncus grossulanaa cams Gedoulo 	Hungary 47°36'0"N 1 9°1 9'48"E 
46 Saphonecrus undu/atus op/ia/onyx cemco/a cams GädOuIO 	Hungary 47°36'0"N 19°1 9'48"E 
47 Saphonecrus undu/otus aphalonyx camco/a cams GtidoIIO 	Hungary 4736'0°N 190 19'48"E  
48 Saphonecrus haymi Andricus las/a caipas petraea Mdtrafured 	Hungary 47° 49' 60N 19° 58 GE 
49 Saphonecrus haymi Chi/aspis ni/ida cams Sopron 	Hungary 47° 40' 60N 16° 36' OE 
50 Saphonecnis conna/us Andricus testaceipas patraea Ma/ramrod 	Hungary 47° 49' 60N 19° 58' GE 
51 Synargus apicalis/rotundivantris Andricus quarcusramu/i patraea Ma/retIred 	Hungary 47 49' 60N 19° 58' GE 
52 Synargus apica/is/rofundivantns Andricus tastaceipes patraaa MdtrafOred 	Hungary 47° 49' 60N 19° 58' GE 
53 Synergus thaumacarus Nauroterus sa/iens cams GtidOuIO 	Hungary 47°36'0°N 19°19'48"E 
54 Synergus (ha uma canis Naurolerus saliens cams GodS/b Hungary 47°36'0°N 19°19'48°E 
55 Synargus consobrinus Andricus grossu/anae cams GodauIO 	Hungary 47036'0°N 19°1948°E 
56 Synergus consobnnus Andncus grossu/ariae cams GodallO 	Hungary 47°36'0°N 19°19'48°E 
57 Synergus riandestinus 7 Stunted acorns pyranaica El Ventornilo 	Spain I 
58 Synergus dandestinus 7 stun/ad acorns pyrenaica El Ventomilo 	Spain I / 
59 Synergusincrassatus A. quarcusradicis agm. pyranaica El Escorial 	Spain 400 34'60°N 4 09'0W 
60 Synargus physoceras T. synaspis agm. faginea Valgallega 	Spain I / 
61 Synergusphysocaras T. synaspis agm. faginaa Vaugallega 	Spain  
62 Synatgus narvosus A. quadn/inaatus patraea Oehasa de Somosierra 	Spain I I 
63 Synargus narvosus A. quadn/inaatus patraea Oehasa de Somosierra 	Spain  
64 Synargus p/agiotrochi P. austra/is sax, i/ax Dehasa de Navacerrada 	Spain  
65 Synargus p/agiotrochi P. austra/is sex, i/ax Dehesa de Navacerrada 	Spain  
66 Saphonecrus lusitanicus Plagiotrochus sp. ilex Salamanca Cabrerizos 	Spain  
67 Saphonacrus /usitanicus Plagio/rochus sp. i/ax Salamanca Cabrerizos 	Spain  
68 Saphonacrus barbotini P/agiotrochus britaniaa coccifara Matadepera 	Spain  
69 Synargus crass/comis P. bumayi ilex  
70 Synargus crassicomis P. burnayi ilex  
71 PencIls/us brand/i Dip/s/apis roses Rose sp.  
72 Panic/is/us brand/i Dip/s/apis roses Rose sp.  

6.5 Results 

Parasitoids 

The average sequence divergence within species was found to be 1.58%. Therefore, if Hebert 

et al's standard screening threshold of ten times .the average intraspecific difference for 
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separating species were to be applied to oak gall wasp parasitoids a threshold of 15.8% would 

be obtained. Within-species divergence showed considerable variation, ranging from 0-

11.16%. Values at the upper end of this spectrum are extreme given commonly reported 

intraspecific divergences for mtDNA, which are rarely greater than 2% and usually less than 

1% (Avise 2000). Species for which a within species distance of greater than 3% was found 

are listed in Table 6.3. 

Table 6.3 Percentage within species divergence for parasitoid species that 

displayed a divergence of greater than 3%. 

Parasitoid species 	% within species distance 

Baryscapus. pallidae 11.16 

Ormyrus pomaceus 11.01 

Auglogymnus trilineatus 4.43 

Eurytoma brunniventris 3.95 
Eupelmus annulatus 3.67 

Auglogymnus arsames 3.06 

Subsequent to the inclusion of specimens in this analysis, Dr RR Askew has informed the gall 

research group that specimens identified as Baryscapus pallidae can very easily be confused 

with a second species, B. berhidanus. Therefore, given the intraspecifc distance given for B. 

pallidae above, it seems likely that individuals from two different species of Baryscapus were 

included in this study. A similar explanation is probably responsible for the high within 

species divergence obtained for Ormyrus pomaceus and Eurytoma brunniventris. No closely-

related species to 0. pomaceus (other than 0. nitidulus, from which both 0. pomaceus 

specimens are clearly separated) is currently known. A study of European Ormyrus species is 

currently underway by Maria Hernandez, a student of Josd-Luis Nieves-Aldrey in Madrid. My 

data suggest the existence of cryptic sibling species. As described in Chapter 4, a similar 

situation is apparent for E. brunniventris, for which cytb sequence data suggest the existence 

of at least four different species. Unfortunately, the results of Chapter 4 came too late to 

include members of each E. brunniventris Type' in the analyses for this chapter. However, I 

intend to continue the investigation of this issue in E. brunniventris using COI in the future. 

The high distances for Auglogymnus trilineatus, A. arsames and Eupelmus annulatus 

represent new findings and no explanation other than either the existence of a similar situation 

for these species, or the possibility of misidentifications can be given at this stage. Eupelmus 

is a genus which, like Eurytoma, includes extreme generalists (particularly E. urozonus), and 
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cryptic taxa are thus perhaps likely. All the other parasitoid species had within species 

distances of approximately 2% or less, conforming to Avise's guidelines stated above. 

The average between-species divergence observed for parasitoids was 15.19%, ranging from 

0.3 1% (between Auglogymnus testaceoviridus and A. gallarum) to 21.41% (between Ormyrus 

pomaceus and Mesopolobus tibialis). The mean is very close to the 15.8% threshold for 

discrimination between species proposed by Hebert et al. and at first glance supports the 

application of the threshold. However, with further consideration it becomes apparent that the 

threshold is over optimistic. This study includes a relatively small number of species that 

originate from six different chalcid families, and the average evolutionary distance between 

most species must be expected to be relatively high. A more accurate estimate can only be 

obtained by the inclusion of more closely related species in the analysis. Whilst Hebert et al.'s 

standard screening threshold might be a useful guideline for identifying highly divergent taxa, 

distinguishing closely related species of chalcid wasp probably requires a reduction in the 

threshold value. 

The COI phylogeny in Figure 6.1 indicates good pairing of conspecific parasitoids. Excluding 

B. pallidae for the reasons explained above (likelihood of the inclusion of two species), there 

is no evidence of introgression between different parasitoid species. Family groupings are 

also consistent, except for Glyphomerus stigma (Torymidae), which lies within the 

Ormyridae. As discussed in Chapter 5, it is possible that G. stigma does not belong in the 

Torymidae; further analysis is required before this issue can be clarified. With the exception 

of the Eulophidae, the remaining chalcid families are monophyletic. The Eulophidae are 

paraphyletic, with a split occurring between the Eulophinae (Auglogymnus sp in Figure 6.1) 

and the Tetrastichinae & Euledoninae (Barysacpus, Minotetrastichus, Aprostocetus and 

Closterocerus sp in Figure 6.1). However, COI is generally not regarded as a suitable gene for 

inferring deeper family level phylogenetic relationships due to its rapid rate of evolution, 

which leads to saturation of sequence data at higher taxonomic levels. 

In summary, given the pairing of species visible in Figure 6.1 and the relatively high average 

between species distance, COI barcoding identification of known parasitoid species looks 

promising for oak gall wasp communities. However, the use of Hebert et al's standard 

screening threshold is not supported as useful for discrimination between closely related 

species. 
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Figure 6.1 Neighbour-joining tree for a 654 bp fragment of the COI gene of the parasitoid species 

included in this study. Colours indicate parasitoid families: red - Eulophidae. blue - Eupelmidae, 

Green - Ormyridae, Yellow - Torymidae, Orange - Pteromalidae, Purple - Eurytomidae. 
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Inquilines 

Figure 6.2 shows that COI sequences data indicate that significantly more work is needed on 

this group. Generally, it appears that whilst specimens of species in the genera Saphronecrus, 

Synophrus and Ceroptres are resolved as sister group pairs (with the exception of 

Saphronecrus haymi), specimens of some currently recognised Synergus species are not 

resolved into monophyletic lineages, while others (such as S. hayneanus) are so grouped. If 

the relationships in Figure 6.2 are taken at face value, the status of a number of taxa needs to 

be reassessed. Suggested reallocations of taxa supplied to be to molecularly-supported taxa 

are suggested in Table 6.4 below. 

- RhoopllIIus2 
• Rhoophilusi 

- Saphronecrus connalus5o 
- Synophrus politus33 

Synophrus pohtus32 
Saphronecrus Iusitanicus67 
Saphronecrus Iusitanicus66 

SyneW - ne 
Synegus paflbooqTñ 9a1epomflomle19 
Synergus peilicornEs galleepondorme18 
Synergus gaIIaeomitorn,s1 4 
Synergus *lUcomS20 
Synergus pelUcorr%Is nervoeue .bpse 
Synergus ne4oeus elb.pee27 
Synergus gaflaepomitormisl 5 
Synergus ga aeporndom5s pallioorre18 
Synergus paihdipenns12 
Synargus gaUaepomitonnis peconis17 
Synergus gallaepomifoynls elbEpe824 
Synergus gallaepomlfocTnls &bpes25 
Synergus nervous .JbEpes26 

Synergus paIIicornis2 
Syriergus apicallis rolunvenlrrs4l 

Synergus nervosus63 
'Synergus rrervosus82 
Sirrgus trnacus43 
Synergus consobrinus5€ 
Synergus COnSObrinuS45 
Synergus consobrrnus55 
Synergus consobnnus44 
Syrrergus thaumacerus42 

Synergus incrassatus59 
• SynergUs diaphanus3Q 
I Synergus pathdipennl913 
I Synergus diaplranus3l 

• Synergus thaumacerus54 
I Synergus thaurnacerus53 

Syrrergus flavipes38 
Synergus umbraculus2 

Synergus urnbraculusl 
j Synergus physocerus29 

Synergus physocerus28 

4  Synargus prrysoceras6l 
Synergus physoceras8O 
Synergus ttavipes3g 

r Synergus plagiotrocts65 
Synergus piagioroch;64 

Syflergus apcaIIrs rotundiventns5l 
Synergus apicalits rotundrverttns40 
Synergus clandestinus58 

Synergus cLandestjnus57 
i Synergus crassicornis7O 
I Synergus crassrcornrs69 

Synergus trayneanus8 

	

-I 
S. .iii. 	Vi ........ ., 

• 	 u 

......... I- - 

Saprrronecrus haym149 

I- Sapbronecrus undulatus47 
Saptrronecrus un&Iatus46 

Ceroptres cacornrs35 
Ceroptres daurcornis34 

Ceropires cerri37 
Ceroptres cerri36 

0.1 

Figure 6.2 Neighbour-joining tree for a 654 bp fragment of the COI gene of the inquiline cynipid species 

included in this study. Colours correspond to modifications made on the basis of COI data, listed in Table 6.4. 
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Table 6.4 Preliminary modifications to Synergus species on the basis of COL 

barcoding data. Spec No. refers to the project specimen ID. 

Spec No. 	Previous species identity 	Name after analysis 

rqsnaI,avns ;aepom1tom'is-l ike" 
16 Synergus gaIiaepoImforrriJ&p4J1corn!s Syneigs 	'wIaepomiformis -like" 

17 Synergus gailaepomiform,s/pallicomis Synergus "gaiiaepomifonnis -like" 

18 Synergus pellicomislgallaepomiformis Synergus gaI!aepomiformis -like" 

19 Synergus pallicomis/gallaepomiformis Synergus "gal!aepomiformis -like" 
20 Synergus pallicomis Synergus 'gal!aepomiformis -like" 
21 Synergus pallicomis Synergus "gallaepomiformis -like" 

22 Synergus pa!licomis/nervosus-albipes Synergus 'gallaepomiformis -like 
23 Syneigus pal!icomis/nervosus-albipes Synergus "gallaepomiformls -like" 

24 Synergus ga!laepomiformis/albipes Synorgus "gallaepomiformis -like" 
25 Synergus gallaepomiformis/albipes Synergus "gallaepomiformis -like" 
26 Synergus nevosuslaibIpes Synergus "gal!aepomiformis -like' 
27 Synergus nevosus/a!bipes Synergus "gallaepomiformis -like" 

40 Synergus apicalisJrotundiventris Synergus apicalis 
51 Synergus apicalis./rofundiventris Synergus apicalis 
32 Sy.''jcs 1hrCrUS Svnerçis con 	i'inu 
43 Sv 	,cjuc rOJ?cocuFuS Stgu. (.00 cO''Ofl/S 

13 Synergus pallithpennis Synergus diophanus 

9 Syr.rgus naynearlus 	 Synergus re,nhiath 

1- 	1 .ro 

However, it is also possible that some of the confusion is the result of the drawbacks in using 

mitochondrial sequence described earlier in this chapter. Errors may be due to mistakes in the 

original morphology-based identification of specimens, or to introgression or lineage sorting 

between closely related species. That reassessment of inquiline morphological taxonomy is 

necessary is supported by the fact that collaborative work with Zoltan Acs and George Melika 

shows nuclear sequence data (unaffected by introgression) broadly to support my conclusions. 

The inquilines may thus represent a key test of molecular markers to resolve the status of taxa 

unresolvable using morphology. 

6.4 Discussion 

The results of the parasitoid barcoding study suggest that COI can provide a useful means by 

which to distinguish between species of oak gall wasp parasitoid. To quote Hebert (2004): 

"the simplest test of species identification by DNA barcode is whether any sequences are 

found in two species; none was in this study". What is more, most species were separated by 

relatively large sequence divergence, so most sequences should be diagnostic enough that 

identifications can be made unequivocally. Further sampling is now required from additional 



Barcoding oak gall wasp communities 	 160 

locations across the species' ranges, and from larger numbers of species within each family, 

until the entire community is adequately sampled. I aim to complete this work in the near 

future. 

No evidence of introgression was found for the parasitoids. However, introgression is strongly 

implicated for the gall wasps (Rokas et a! 2003b) and if gall wasps were to be barcoded use of 

a nuclear gene in addition to COT would be sensible. Such an approach is advocated by 

Blaxter (2004a), who recommends use of at least one nuclear and one organelle gene for any 

barcoding system. The close relationship between the cynipid gall-inducers and inquilines 

underlines the possibility of introgression-related problems in the inquilines. We have adopted 

a combined mitochondrial and nuclear gene approach in our ongoing work in the inquiline 

cynipids, combining COT with data for the 28S RNA nuclear gene. In general, such an 

approach seems particularly appropriate in groups of closely-related taxa whose status as 

biological species remains unexamined. 

The issue of how to derive a species boundary from barcode sequence data is not clear. 

Although Hebert et a! (2003a, 2003b, 2004) have conducted studies in which a large number 

of species were investigated, a true test of the precision of a COT barcode will require all 

members of a genus to be investigated, rather than a sample of poorly defined close relatives 

(Mortiz & Cicero 2004). This issue has been demonstrated by Johnson & Cicero (2004), who 

compared sister species of North American bird, and obtained results that contrasted strongly 

with those of Hebert et at (2004). A similar study is not possible with sole reference to oak 

gall wasp parasitoids, since many of the genera also contain many species that attack other 

non-cynipid hosts. Problems associated with species delineation appear to have no simple 

solution, and "the species problem" (Mayr & Ashlock 1991, Hull 1997), persists in the 

absence of a unifying method of identifying what constitutes a species. Perhaps the best way 

to proceed is to define empirical limits within specific taxa (families, genera) as available 

datasets grow. 

As stated above, the results provided in this study suggest that COI has the potential to 

discriminate between different species of gall inhabitant. However, an additional question is 

whether it might be possible to utilise the tool in order to avoid practical problems associated 

with gall rearing (see above). The potential value of extracting DNA from a gall in order to 

gain good quality ecological data regarding the abundance and diversity of inhabitants 

without the need to rear them is obvious. However, it is not currently clear whether such a 
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goal is possible. Extraction of DNA from whole galls would probably be complicated by the 

high levels of phenolic secondary plant compounds in gall tissues, making careful extraction 

and clean-up an absolute necessity if PCR inhibition is not to be a problem in barcoding. If 

DNA can be successfully extracted from whole galls, species recognition via chip-based DNA 

arrays should be possible fairly cheaply. Such an approach would involve binding to silicon 

chips a catalogue of oligonucleotides specific to parasitoid barcodes, and then using this to 

probe the products of PCR amplified in the presence of fluorescently labelled DNTPs, so that 

bound sequences could be read by a computer. The pattern of annealing would then report 

which species were present. However, the limitation of this approach is that it would only 

provide information on presence/absence of species and not on abundance. Furthermore, 

unknown species, or those for which barcodes had not been developed, would also not be 

identified. It is not currently apparent how a cheap method capable of reporting both 

presence/absence and relative abundance would work. However, such a technique has the 

potential to revolutionise the collection of data from not only oak galls, but from analogous 

habitats, and it is likely that efforts to provide a solution will continue. 
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Chapter 7 

Concluding remarks 

At first glance, an oak gall may appear rather unremarkable. However, after an appreciation 

has been gained for the complex interactions that occur within oak galls, and a glimpse taken 

of the wide variety of creatures that inhabit them, they are anything but ordinary. As a child, 

when I used to occasionally find oak galls during fishing trips or visits to the local park, I 

imagined they were the result of some kind of plant disease, and was slightly repulsed. 

However, years later when I began the research for this PhD, these feelings were replaced by 

a sense of amazement. The primary cause for this amazement was the discovery that the galls 

were home to an incredible diversity of parasitic wasps. These parasitoids come in a wide 

range of shapes and sizes and many are vibrant shades of metallic green, gold or blue. The 

idea that there were miniature ecosystems often consisting of relatively large numbers of 

these wasps in single galls no larger than the size of a marble was astonishing. 

Up until beginning this PhD, I had paid little attention to the existence of parasitic wasps, but 

although there is generally scant awareness of their existence outside of entomological circles, 

they are highly abundant and important components of terrestrial ecosystems. Rivalling the 

weevil in terms of species richness, and perhaps ultimately the most diverse animal group on 

the planet, parasitic wasps more generally play a key ecological role. To a large extent, they 

are responsible for the regulation of innumerable invertebrate host populations, including 

those of many significant pest species. The impact of the parasitic wasp is due almost entirely 

to the feeding habits of their immature stages. Female parasitic wasps oviposit their eggs 

either onto or into the host, often simultaneously injecting powerful venom that results in 

either partial or total host incapacitation. The fate of the host is a protracted death, during 

which it is consumed bit by bit by the developing parasitic wasp larva. The host is subject to 

such a grisly demise, that contemplation of its fate has at various times contributed to 

Darwin's loss of faith, and acted as the inspiration for the Hollywood blockbuster movie 

'Alien'. Since death of the host usually occurs, parasitic wasps would actually be more 
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correctly referred to as parasitoid wasps. It is hard not to be impressed by the parasitic wasp 

when observed under the microscope, where they resemble tiny machines that appear to have 

been perfectly engineered for their role. Consideration of how such tiny creatures are capable 

of locating their hosts at all is equally impressive. 

Oak gall wasps have received a fair amount of scientific attention in recent years, however, 

much remains to done, and some of the biggest questions regarding their biology remain 

unanswered. Perhaps the most obvious question still yet to be resolved is how gall wasps 

induce the formation of the gall. Despite the many advances in modern biology, we still seem 

some way off finding out just how gall wasps hijack the oaks developmental pathway for their 

own means, resulting in the formation of characteristic and often incredibly complicated 

novel structures. 

The primary focus of this thesis was an examination into the phylogeography of oak gall wasp 

parasitoids and how this relates to that of their hosts. In addition to extending our knowledge 

of oak gall wasp communities, this is part of a move to expand the study of phylogeography 

to the level of whole communities as opposed to single species. Determining the extent to 

which communities show concordant phylogeographic origins has important implications for 

the study of community ecology and the search for so called community assembly rules. 

Truly independent comparisons between communities can only be made if they are 

phylogenetically distinct, otherwise the patterns observed may be due to shared ancestry and 

not as a result of some underlying rule of association. The results uncovered for the 

parasitoids in this thesis are concordant with what has so far been found for the gall wasp 

hosts, and suggest a possible origin of oak gall wasp communities somewhere in the east. 

These findings are exciting, however, it will be necessary to increase sample size significantly 

by extension to a much larger sample of species before real conclusions can be drawn. 

In addition to examining the European phylogeography of oak gall wasp parasitoids, an 

investigation was made into the possible structuring effect of oak gall traits on parasitoid 

populations. It is often thought that these traits must have evolved to provide gall wasps with 

some degree of protection against parasitoids, given the high rate of mortality which they 

suffer. However, the majority of parasitoids that attack oak galls are generalists and are able 

to successfully attack galls possessing a wide range of different structural features. One 

possible solution to this apparent contradiction is that seemingly generalist parasitoids may 

actually be composed of a number of distinct host races. No evidence of this was found in this 
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study, however, it is entirely possible that the use of higher resolution nuclear markers will 

provide evidence of their existence. 

All the methods employed in this thesis have used molecular tools as a basis for investigating 

evolutionary and ecological questions. The use of such tools has revolutionised the way in 

which biological research is conducted. However, they have also changed the way in which 

biologists work, and perhaps if Darwin had been a contemporary biologist, it would be 

unlikely that he would have spent 5 years travelling the world exploring and collecting 

specimens. On the other hand, these are exciting times for biological research and the use of 

molecular methods enables the examination of questions that just several decades ago were 

beyond the wildest dreams of biologists. 

Future directions for the study of oak gall wasp communities include the extension of 

phylogeographic studies to include inquiline species, in order to discover whether they also 

show evidence of a shared origin in the east. Also of particular interest is the extent to which 

inquilines will be structured by oak section, given their closer association with the oak host. 

Of course the big issues of the explanation of gall morphology and the mystery of gall 

induction remain, and will no doubt be the subject of much further research in years to come. 

It is also clear that much work remains to be done on oak gall wasp parasitoids, and after 

completion of this PhD I hope to spend at least a little more time investigating further some of 

the fascinating aspects of their biology. 
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Appendix I 

Range of nuclear markers explored 

Allozyme analysis 

Allozyme analysis has been used successfully to generate nuclear marker data for gall wasps 

(Stone & Sunnucks 1993, Stone et al 2001, Atkinson, et al 2003). It is a quick and cost-

effective method of generating data for multiple nuclear loci, and therefore this thesis began 

with an attempt to utilise the same allozyme loci that had proved useful in studies on gall 

wasps. 

Methods 

It is necessary to use specimens that have been preserved at -70°C or lower for successful 

allozyme analysis, since the proteins involved are highly unstable and decompose rapidly at 

higher temperatures. Cellulose acetate electrophoresis was adopted since it does not require a 

large amount of specimen material, which can act as a limiting factor when analysing chalcid 

wasps due to their small size. Only females were used, which are diploid in most chalcids, so 

results were comparable across specimens. Individual insects were homogenized in 50.tL of 

homogenization buffer, 15tL of which was diluted with another 151.tL of the buffer and 0.5-

1 tL of this was run on each gel. Staining reactions were as in Richardson et al (1986). The 

following running buffers were used depending on which loci were screened: 

0.1M Tris malate (12148.6) ethylenediaminetetraacetic acid (EDTM: Malate 

Dehydrogenase (MDH), Hexokinase (HK), Adenylate Kinase (AK), 6-Phosphogluconate 

Dehydrogenase (6PGD). 

0. 1M Tris glycine (12H8.6: Glucos-6-Phosphate Isomerase (GPI), Fumarate Hydratase 

(FLJM). 
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40mM phosphate (pH6.1): mitochondrial Glutamate-Oxalate-Transaminase (GOT-m), 

Glycerol-3-Phosphate Dehydrogenase A (a-GPD 1), Peptidase B (PEP-n). 

Results 

In the initial stages of research for this thesis, a range of parasitoid species was targeted for 

study. These included: Ormyrus nitidulus and 0. pomaceus (Ormyridae), Sycophila biguttata 

and Eurytoma biguttata (Eurytomidae), and Torymus auratus, T. cyaneus Megastigmus 

stigmatizans and M. dorisalis (Torymidae). These species display a range of interesting 

biologies and allow comparisons within and between different genera and families to be 

made. In the end it was necessary to focus on a subset of these for various limiting factors. 

For the allozyme analysis, I screened 50 specimens consisting of ten of each of the following 

species: Ormyrus nitidulus, Sycophila biguttata, Torymus auratus, T. cyaneus and 

Megastigmus stigmatizans. These specimens were assayed for variability in the following 

loci: 6PGD, GOT-m, PEP-3, AK, a-GPD1, and HK. Variation between species was present, 

however, very little within species variation was found. 

22 specimens of Megastigmus stigmatizans sampled from across the European range were 

screened for 6PGD, MDH, GOT-m, PEP-3, HK, AK, a-GPD1, and FUM. These loci revealed 

very low variability between specimens: HK, PEP-, ci-GPD1 and MDH were fixed for a 

single allele across all specimens screened, while 6PGD, GOT-m, FUM, and AK displayed 

one, or in some cases two heterozygous specimens. In all cases the polymorphic specimens 

originated from Turkey. 

Further allozyme analysis had to be abandoned due to the very limited availability of 

specimens suitable for testing. Most available parasitoid material had been preserved in 

alcohol and could not be used for allozyme analysis. Due to the low levels of diversity 

uncovered during the pilot study, attempts at collecting material with the use of allozymes in 

mind was not continued. This requires taking a cryoshipper into the field, which is only 

possible for a very limited period. Instead, focus was shifted towards the use of microsatellites 

and nuclear sequence markers. Both of which can be scored for alcohol preserved material. 
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Microsatellite loci 

The value of microsatellite markers is discussed in Chapter 2. Microsatellite loci were 

investigated for two species: Megastigmus stigmatizans and Eurytoma brunniventris. 

Megastigmus stigmatizans 

Fluorescent dye-labelled primers were obtained for the primers described by Boivin et al 

(2003). Boivin et al (2003) developed a panel of six microsatellite loci in order to study the 

invasion pattern of the seed chalcid Megastigmus sperm otrophus. They described the 

following six loci: MS1-alpha, MS1-43, MS2-89, MS2-162, MS3-148, MS3-180. All loci 

were reported to display high allelic diversity, with 17-30 alleles per locus. Furthermore, it 

was reported that all six loci were successfully amplified in 15 congeneric species. Since M. 

stigmatizans is also congeneric and success had been demonstrated for a range of similar 

species, these loci presented an obvious choice for analysis in M. stiginatizans. 

A panel of M. stigmatizans specimens from across the European range were screened for 

polymorphism using these loci. The loci amplified well, however, virtually no polymorphism 

was detected, with most loci fixed for all specimens screened. Financial and temporal 

resources for the development of additional loci were not available. Therefore, focus was 

shifted onto Eurytoma brunniventris for which a group of polymorphic loci had recently been 

developed. 

Eurytoma brunniventris 

Microsatellite loci for E. brunniventris were for developed by Hale et al (2004) for use in the 

work of my supervisor Dr GN Stone and the gall wasp research group at the University of 

Edinburgh. The following nine polymorphic loci were described by Hale et al (2004): EB1, 

EB6, EB13, EB15, EB21, EB36, EB47, EB49, with 2-5 alleles per locus reported. Fluorescent 

dye-labelled primers were obtained for these loci, and a panel of E. brunniventris from across 

the European range were screened for polymorphism. However, results were extremely poor 

and it was clear that optimisation had not been carried out effectively. Attempts were made at 

optimisation; however, time prevented further progress from being made using these primers. 
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Nuclear sequence markers 

Nuclear sequence markers are advantageous for the reasons discussed in Chapter 2. However, 

their use is often restricted by a lack of well-conserved primer sites across species, and limited 

mutation rates. Attempts to amplify nuclear sequence markers with sufficient variability for 

the purposes required in this thesis are summarised below. 

The internal transcribed spacer regions (ITS] &2) 

The nuclear ribosomal gene cluster contains the genes responsible for synthesizing the 

molecules that form the ribosomal subunits. Between these genes lie two internal transcribed 

spacers. These non-coding regions are free from functional constraint and have proven highly 

variable in a number of studies on insects (Campbell eta! 1993, Beebe et al 1999, Rokas et al 

2001), and are suggested as useful markers for lower-level phyologenies by Rokas et al. 

(2002). 

A panel of M. stigmatizans specimens from across the European range were analysed for 

variation in ITS sequence using the primers ITS4/ITS5 from White et a! (1990). Two 

internal primers (ITS5.8F/ITS5.8R) designed by Rokas et a! (2002) were used for direct 

sequencing. PCR amplification was successful, however, sequencing results revealed a large 

amount of intra-individual variation. The rDNA array typically exists as a set of tandem 

repeats and the sequence in each repeat is usually believed to be the same due to gene 

conversion (Liao 2000). However, intra-genomic variation in ITS sequences has been 

detected previously in insects (Wesson et al. 1992, Rokas et a! 2001, 2002), and including 

sequences containing such variation in phylogenetic analyses has been reported to cause 

confounding results (Buckler et al. 1997). 

Due to the discovery of intra-genomic variation, multiple cloning of individual PCR products 

per specimen would have been necessary in order to obtain a clear signal after sequencing. 

Cloning large numbers of sequences is highly expensive and time consuming and the 

resources necessary to do so prevented further consideration of ITS here. 

Long-wavelength opsin (LWRh) 

The LWRh gene has been used in phylogenetic studies on both bees (Mardulyn & Whitfield 
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1999) and gall wasps (Rokas et al 2002, Cook et al 2002). Amplification of LWRh using the 

primers LWRhF/LWRhR from Mardulyn & Cameron (1999) and the PCR conditions 

recommended by the same authors was carried out. However, this proved unsuccessful and 

although attempts made to amplify under a range of PCR conditions were made, these failed 

also. 


