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Populations of P. bellargus were examined to assess whether the genetic structuring reflects a recent
colonisation event in the UK, as is inferred by the historical data for the species. To achieve this, the AT-
rich mitochondrial control region was sequenced from individuals throughout the UK range and southern
France. Genetic diversity was found to be much lower in the UK, with only three closely related
haplotypes among fifty UK specimens, whereas six were identified from eight butterflies from France. The
predominant UK haplotype, which was at fixation in most UK populations, was almost identical to one
from France, suggesting that the UK population has a French origin. The only reasonable explanation for
the observed patterns of MtDNA diversity is a recent and rapid colonisation event from France via one or a

few female butterflies.

Five microsatellite DNA markers were isolated and used to examine the relationship between spatial
distribution and population genetic structure among a subset of UK populations of P. bellargus. The
butterfly is at its northern range limit in the UK, where it exists in a highly fragmented metapopulation
structure on isolated pockets of calcareous grassland. These populations were affected by a severe
population bottleneck in the late 1970°s, when a drought caused large numbers of the host plant
(Hippocrepis comosa) to wilt. Mantel tests indicated a significant effect of isolation by distance among the
UK populations, a relationship that broke down at greater geographic scales (>37.5km), probably because
of large areas of unsuitable habitat presenting barriers to gene flow. A significant relationship was also
found between population size and levels of genetic diversity, inferring elevated levels of inbreeding within
smaller populations. However, populations that were isolated or had undergone a bottleneck or founder
event did not exhibit a similar reduction in genetic diversity. The results indicate that population
connectivity and size are the predominant characteristics that must be maintained for the conservation of P.
bellargus in the UK and other invertebrates with similar metapopulation structures.

Investigations into the suitability of museum preserved lepidopteran material for DNA analysis revealed
that small mtDNA amplicons and microsatellites are amplifiable from all ages of specimens tested (0 to
105 years). Dried specimens were also found to be suitable for a RAPD identification of microsatellites
(see Ender et al, 1996). This work demonstrates the enormous potential of dried, stored lepidopteran
material for use in molecular ecological studies. In a pilot study, microsatellites were used to investigate
the genetic consequences of a population bottleneck, by comparing pre-bottleneck and post-bottleneck
measurements of genetic variability from a natural system. Analysis of DNA from both modern and 105-
year-old museum specimens of P. bellargus from a population at Folkestone revealed the loss of specific
alleles (known to have been present in 1896) following a demographic contraction. Lost alleles included
common ones present in other sampled populations and others unique to the Folkestone population. Whilst
trends were found for a post-boitleneck reduction in heterozygosity and allele number per locus, the
relationships were not found to be significant.
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1.0 GENERAL INTRODUCTION

1.1. INTRODUCTION

This project seeks to mvestigate temporal and spatial variations in genetic diversity of the
adonis blue butterfly (Polyommatus (Lysandra) bellargus Rottemburg) across its UK
range and to assess the effects of habitat fragmentation on the population structure of the
species. The study incorporates both wild caught and museum preserved specimens, and

examined genetic variation using both mitochondrial and nuclear (microsatellite) DNA

markers.

1.2. HABITAT FRAGMENTATION, INBREEDING AND EXTINCTION

Habitat destruction caused by intensive agriculture and urban development is fragmenting
the distribution of many formerly widespread species. This is particularly the case in the
United Kingdom, where many species are now confined to small isolated pockets of
habitat. This situation has affected many butterfly species, including P. bellargus,
causing them to exist within a metapopulation structure. A metapopulation is where
small fragmented populations are partially isolated from one another, and hence are prone
to undergo a repeated cycle of extinction and recolonisation. The ecology of
metapopulations has been extensively discussed in theory and also with regard to its
relevance for conservation (Gilpin & Hanski, 1991; Gilpin, 1991; Hanski and Gilpin,
1996). The population dynamics of metapopulations are also likely to cause repeated
“bottlenecks” or “founder effects” within populations, events which have also been
considered at length in theory (Wright, 1931 & 1978; Nunney & Campbell, 1993; Lynche
et al., 1995; Lande, 1995). These demographic changes are likely to exacerbate the
effects of genetic drift, tending to encourage geographically separated populations to
become increasingly genetically distinct from one another, whilst also encouraging
inbreeding and probably an associated loss of genetic variation, particularly in the

smaller, isolated, fringe populations (Wright, 1951; Frankham, 1995a). This reduction in
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genetic variation, in particular allelic diversity, seems likely to have a profound effect
upon a population’s ability to adapt to habitat changes, such as climatic extremes,
diseases, pests and parasites. Potentially it may lead to the eventual extinction of the
colony (Hoffmann and Parsons, 1991; Pray et al., 1994; Frankham, 1995a & 1995b;
Heschel and Paige, 1995).

Although it may seem obvious that inbreeding will depress the reproductive fitness of
outbreeding species (Wright, 1977), there has been much controversy as to whether
inbreeding depression has significant effects on wild populations and its relevance to
conservation (Caughley, 1994; Wauters et al., 1994; Frankham 1995b). However, there
is increasing evidence for inbreeding causing a reduction in fitness: a number of studies
claim to have found strong evidence for inbreeding depression in captive populations
(Bryant et al., 1990; Ralls & Ballou, 1986; Laikre & Ryman, 1991, Saccheri et al., 1996;
Saccheri, 1999) and from a few experimental (Jiminez et al., 1994; Newman & Pilsen,
1997) and observational field studies (Stockley, et al., 1993; Thornhill, 1993). Work on
captive populations is likely to underestimate the situation, because the effects on fitness
are typically more severe in harsher environments, and therefore likely be more acute in
the wild than in captivity (Hoffman & Parsons, 1991; Miller, 1994), whereas
experimental investigations inevitably involve anthropogenically induced changes in a
population. For example, experiments have demonstrated a distinct advantage to the
dynamics of mice (Mus) and topminnow (Poeciliopsis) populations after the transfer of
individuals from genetically diverse populations to those with a narrow gene base (Berry
et al., 1991; Vrijenhoek, 1994). However, conclusive evidence for inbreeding depression
in wild populations has been more elusive (e.g. Caro & Laurenson, 1994; Caughley,
1994; Frankham, 1995b; Mallett, 1996 & 1997), for example in the cheetah (Acinonyx
Jjubatus), where there has been much debate over the effects of inbreeding on fitness
(Merola, 1994; O’Brien, 1994), a disagreement that stems from the lack of non-inbred
cheetahs as controls. However, one published study of natural populations has
demonstrated the underlying relationship between inbreeding and extinction. This work

investigated the metapopulation structure of the glanville fritillary butterfly (Melitaea



Chapter 1

cinxia), and clearly showed that the risk of extinction increased dramatically with

decreasing heterozygosity, an indication of inbreeding (Saccheri ef al., 1998).

The majority of these published studies to date involving natural populations have
investigated inbreeding in vertebrate species. This seems somewhat short-sighted when it

is considered that the vast majority of animal species in the world are invertebrates.

These studies do include research on a few lepidopteran species, using both natural and
captive bred populations. For example: the silver studded blue (Plebejus argus) (Brookes
et al., 1997); Bicyclus anynana (Saccheri et al., 1996 & 1999); the small tortoiseshell
(Aglais urticae) (Vandewoestijine, 1999); Helicoverpa zea (Mallett et al., 1993) and, as
already mentioned, the glanville fritillary (Melitaea cinxia) (Saccheri et al., 1998). All of
these studies present some evidence for a reduction in heterozygosity associated with
inbreeding as a result of founder events or isolation of small populations and one study
indicates the negative effect this has on levels of fitness and population survival
(Saccherri et al., 1998). Most of these investigations into the effects of habitat
fragmentation have used allozyme electrophoresis and in some cases a mitochondrial
DNA marker. However, it is likely that strong selection controls protein polymorphism,
so that allozymes may not give an accurate representation of past demographic events
such as bottlenecks and instead reflect current selection on the loci (Avise, 1994;
Goulson, 1993). Only in one case (Saccheri, 1998) was the allozyme data backed up by
a selectively neutral marker, such as a microsatellite, and even in this study the power of
the analysis was reduced because only a one-microsatellite was used. Ideally, a set of

five or six markers should be used in parallel (Hughes and Queller, 1993; Ruzzante,

1998).

There is growing evidence for detrimental effects of inbreeding, which is causing
increasing concern over the loss of genetic variation in small, isolated populations and the
possible effects on the long-term viability of endangered species. Clearly more research
is necessary, particularly within invertebrate species, to investigate the effects of

population declines, habitat fragmentation and associated inbreeding. This project will
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investigate these effects in a butterfly species, P. bellargus, which is under increasing
threat from the destruction and fragmentation of its UK habitat. This species is also
recovering from the effects of a severe genetic bottleneck in 1978-1981, an event that
may have had severe consequences for the genetic diversity of the species. The project
will not use allozyme markers, but a suite of polymorphic microsatellite markers

alongside a mitochondrial DNA marker.

1.3. THE ECOLOGY OF THE ADONIS BLUE

The adonis blue (P. bellargus) is one of the more spectacular of the butterfly species
native to the British Isles. The butterfly is strongly dimorphic, with the upper side of the
male’s wings an iridescent cobalt blue, while the female is a deep brown colour (see plate
1.1). The wings of the species are fringed with a chequered border, due to the dark ends
of the wing veins, a feature that clearly distinguishes the butterfly from the very similar
common blue (Polyommatus icarus). The underside of the wings of both sexes is

characterized by a unique spotted pattern.

Plate 1.1. An adult male Polyommatus bellargus (Rottemburg).
Note the distinctivly chequered wing margin.

The butterfly is at the north western limit of its range in England, where it is confined to
the warmer southern counties of Berkshire, Dorset, Hampshire, Isle of Wight, Kent,
Sussex, Surrey and Wiltshire (Thomas, 1983a; Emmet & Heath 1990; Bourn & Warren,
1998; Bourn et al., 1999; Stewart et al., 2000; Asher et al., 2001). The former range of
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the butterfly also included Berkshire, Bedfordshire, Oxfordshire, Gloucestershire,
Hertfordshire and Somerset. A large proportion of the butterflie’s colonies are in Dorset,
which seems to be the main-stay of the butterfly (Bourn et al., 1999; Stewart et al.,

2000), though there are significant populations elsewhere, and the number of populations,
though fluctuating, does appear to be on the increase (Pearman ef al. 1998). The butterfly
occurs only on south facing calcareous grassland (see plate 1.2), where its larval food

plant, horseshoe vetch (Hippocrepis comosa), grows in the short vegetation (Thomas,

1983a).

Plate 1.2. A typical example of the habitat occupied by P. bellargus. This site is a south-facing escarpment
above Folkestone, Kent.

The species is bi-voltine, with adults on the wing from mid-May to June and August to
mid-September. Populations are almost always present as discrete colonies, with only a
few larger than 1000 butterflies (Emmet & Heath, 1990; Bourn et al., 1999; Stewart et
al., 2000). The butterflies are sedentary, with little movement or interchange between the
populations; even the more mobile males will rarely venture in to unsuitable habitat
(Thomas, 1983a & b). The females are extremely sedentary, spending long periods
resting on the ground in sheltered hollows while their eggs develop (Thomas 1983a).
After mating the females then search for suitable plants on which they will lay their egg
load. They are extremely particular when it comes to sites for laying their eggs, choosing

only H. comosa, which must be growing amidst short vegetation (typically 1-4cm) or
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bare earth. This choice of short vegetation is in contrast to sites chosen by females of the
species in warmer climates, where a taller mean sward length is chosen. It is likely that
the sheltered short turf is necessary because it provides a warm microclimate for larval
development, and because it is favoured by ants which have a strong mutualistic

relationship with both the pupae and the larvae (Thomas, 1983a & b, Heath ef al, 1984).

The ants (Lasius alienus and Myrmica sabuleti) tend the larvae, milking them via the
Newcomer’s organ for the sweet honeydew that is produced from the second instar
onwards. Up to 30 ants have been seen tending a single larva, though numbers are

generally around four to six. The larvae are often found inside the nests of the ants that

tend them (Thomas, 1983a).

The butterfly’s reliance on mutualism with ants, alongside the very specific climate and
habitat requirements of the species has meant that it is very susceptible to sudden
declines. Severe changes in climate, such as drought, may adversely affect the species,
because south facing slopes are likely to be the where the food plant will wilt first — being
warmer and drier. P. bellargus numbers were badly hit by an extreme drought in 1976,
when its food plant wilted badly, having a knock-on fatal effect on larval development
(Thomas, 1983a), resulting in around 90% loss of colonies nationwide (Asher et al.,
2001). The butterfly is also directly susceptible to climatic changes, causing butterfly
numbers to fluctuate from year to year depending on climatic conditions — even a

particularly wet summer can cause a decline.
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1.4. WHY CHOOSE THE ADONIS BLUE?

Polyommatus bellargus is, for several reasons, a particularly interesting species to study.
As aresult of its sedentary nature and very specific habitat requirements, many
populations of the species are isolated from one another. However, there are situations
where neighbouring groups of populations within a geographical area are almost
contiguous. This tends to be the case in localities, such as on the Isle of Purbeck in
Dorset, where a chalk or limestone escarpment creates a fragmented length of south
facing calcareous grassland. However, for the majority of the UK, the distances between
suitable habitats can be large, with most or all of the intervening land being unsuitable
habitat for the species. There are six main geographic regions where populations can be
found: the North Downs, the South Downs, northern and southern Dorset, Salisbury
Plain, and the Isle of Wight. Although the majority of populations across Dorset and
Salisbury Plain are within reasonably close proximity to one another, these populations
are well separated from other suitable sites across southern England. Populations on the
Isle of Wight and Portland are particularly well isolated from other colonies, not only by

unsuitable land habitat, but also by expanses of water.

P. bellargus underwent a chronic decline from the 1950’s to the late 1970’s, probably at
least in part as a result of a variety of environmental pressures, including: an increase of
land allocated to intensive farming, plus reductions in stock grazing and a decline in
rabbits, caused by myxamatosis, both resulted in an increase in mean sward length. The
number of populations in the UK plunged to its lowest point shortly after the drought of
1976, after a rapid decline of over 90% (Thomas, 1983a; Emmet and Heath, 1990;
Pearman et al, 1998; Asher et al., 2001), because of the severe effects encountered by the
host plant, Hippocrepis comosa. Since 1981, the species has been recovering its former
distribution, with the number of colonies in 1997 being almost double that documented in
1978-1981 (Pearman et al, 1998; Emmet and Heath, 1990, Asher et a/., 2001). Many
populations must have recovered from just a few surviving individuals, while others that
had become extinct may have been recolonised by just a single gravid female. Butterflies

are unusual that, in the UK at least, a great deal is known about the history of individual
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populations. In the case of P. bellargus we know with some certainty the details of

which populations became extinct, and which were little affected by the 1976 drought.

1.5. AIMS OF THE PROJECT

This project will employ microsatellite and mitochondrial DNA analysis, to investigate
the current and historical genetic structure of P. bellargus populations in the UK. This
will be combined with information from documented historical data to draw conclusions
about how current trends and past events, such as genetic bottlenecks, are affecting the

population dynamics of P. bellargus. The main aims are as follows:

1) Using microsatellites and mitochondrial DNA, a survey of population structure at
both local and national levels will be carried out. Populations will be chosen
according to both their locality within the butterflies range, and according to their

documented history.

2) Populations will be assessed for levels of genetic diversity and inbreeding, this will be

correlated with their documented histories and size.

3) The relationship between the UK and French populations will be elucidated, and a

possible route of colonisation for the UK population will be investigated.

4) Preserved specimens will be analysed to elucidate the putative effects of a decline on

temporal genetic variation.

5) Measures to improve the conservation of the species within the UK will be discussed.
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2.0 THE USE OF MOLECULAR METHODS IN ENTOMOLOGICAL STUDIES

2.1. INTRODUCTION

Though it has long been recognised that individuals vary phenotypically, variation at the
molecular level has been described only relatively recently. Molecular methods have a
number of applications within the field of entomology just as they do in many other
biological areas, from investigations into relationships between individuals to
relationships between populations, even relationships between species. Extensive use has

already been made of molecular techniques in the field of population biology.

The study of population biology was radically revolutionised when Harris (1966), and
Lewontin and Hubby (1966) showed that genetic diversity within a population could be
estimated by the use of electrophoresis to demonstrate protein variation (allozyme
electrophoresis), and thus to begin to reveal elements of the population structure. This
technique has spread rapidly within the field of population genetics. However, in more
recent times a new and more exciting approach to population biology has become
available for use. Rather than assessing genetic variation by analysing proteins, a number
of more direct approaches have been devised that are based upon examining variations at
the level of the DNA sequence, consequently the data obtained are informative because
they display all of the variation present (Avise, 1994). Another advantage of using DNA
markers 1s that only a minute amount of tissue is necessary, whereas allozyme
electrophoresis necessitates the homogenising of the entire insect. The former is
invaluable when studying insects, particularly endangered species. This requirement for
only a small amount of material also lends itself particularly well to investigations using
preserved insects, such as museum specimens, because tissue removal will cause a
minimum amount of damage to valuable specimens (Cano & Poinar, 1993; Mitten, 1994,
Roy et al., 1994). Allozyme analysis is impossible with preserved specimens because the
functional enzymes are viable only for a short while after death, unless preserved at —
70°C. Nevertheless, information from the protein polymorphisms (allozymes) is still

relevant and may be the most suitable method available for many studies (Berg &
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Hamrick, 1997). The costs of DNA based molecular techniques may limit their
applications, as could the need for the expensive equipment necessary for carrying them

out.

The array of techniques currently available is vast. This includes allozyme
electrophoresis; restriction fragment length polymorphisms (RFLP); single and multi-
locus (minisatellite) fingerprinting, using a variety of probes; directed amplification of
minisatellite regions (DAMD); mitochondrial and nuclear DNA sequencing;
microsatellite analysis (simple sequence repeats); randomly amplified polymorphic DNA
(RAPD), and PCR-ELISA (enzyme linked immuno-sorbent assay). The technique
chosen from this plethora of methods will depend heavily on the nature of the
investigation being undertaken (Parker ez al., 1998). It is critical to any investigation that
the technique used is suited to the research in terms of both costs and results. This review

will examine the different techniques available and will assess their individual merits and

applications.

2.2. REVIEW OF TECHNIQUES AVAILABLE

2.2.1. Allozyme electrophoresis

Allozymes are protein polymorphisms that represent themselves as band differences on a
starch, cellulose actetate, or acrylamide gel. Each enzyme can be stained using a unique
reaction mixture containing the necessary substrates and co-factors for visualisation.
Many of the enzymes are ubiquitous between organisms, though generally only a subset
1s detectable in each and not all of these will be variable. The polymorphisms result
from slight allelic differences in enzymes at particular loci; differences that manifest
themselves as changes in the shape and/or charge to mass ratio, therefore affecting the
speed at which a protein is electrophoresed through a gel. The samples used are crude
tissue homogenates from fresh material; no further purification is needed because of the

specificity of the staining procedure.
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All organisms will be heterozygous or homozygous for a particular allele, represented by
two bands or a single band respectively on a gel. This banding pattern may become
more complex if enzymes contain multiple sub-units i.e. dimers or trimers etc., as the

markers will segregate in a co-dominant Mendelian fashion.

The technique has been used for three decades and has advantages in that it is cheap, easy
and relatively fast to carry out (Watt, 1994). However, its applications are limited. Only
a portion of the genetic variation can be resolved (approximately one third) (Lewontin,
1991); many insects, especially parasitic Hymenoptera, show very little variability in
allozymes, possibly as a result of the haplodiploid population structure (Crespi, 1991;
Blanchetot & Packer, 1992). Inbreeding and small effective population size may also
affect levels of variation (Graur, 1985). Any bands that co-migrate will be assumed to be
homozygous and patterns of ancestry and descent between alleles will be impossible to
define (Roderick, 1996). The fact that the enzymes are functional proteins means that
they may be subject to selection, and as such cannot be classed as a truly neutral marker
(Avise, 1994). This will have some impact on population studies. Another disadvantage
is that freshly killed or deep-frozen insects must be homogenised for analysis, therefore,

destructive sampling is unavoidable for the procedure.

There are many situations where allozyme electrophoresis can be used to elucidate useful
genetic information and they have been applied in an enormous number of studies. The
method has many practical applications, including:

(1) The analysis of population structure, including the assessment of levels of
genetic variation within and between populations. The technique has been
extensively used to investigate this in a huge variety of organisms including
many studies on insects (e.g. Lewontin and Hubby, 1966; Krafsur et al., 1995;
Scarpassa et al., 1996; Crease et al., 1997, Chapman et al., 1999; Rodriguez et
al., 2000; Wang & Grace, 2000). A number of these studies have investigated
population structure in lepidopteran species, including the silver studded blue
(Plejebus argus); the golden sun moth (Synemon plana); Parnassius

mnemosyne; the glanville fritillary (Melitaea cinxia); the small ermine moth
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Yponomeuta padellus (Brookes et al., 1997; Meglecz et al., 1997 & 1999,
Saccheri et al., 1998; Raijjmann & Menken, 2000; Clarke & O’Dwyer, 2000;
Sula & Spitzer, 2000).

(if)  Toreveal paternity and kinship relationships between individuals (e.g. Page &
Robinson, 1994; Calos & Sakaluk, 1998).

(iii)  The examination of taxonomic relationships (e.g. Jackson & Resh, 1998;
Audisio et al., 2000; Colin, 2000; Fanciulli et a/., 2000) and investigation of
speciation (e.g. Filchak et al., 1999)

(iv)  The identification of and analysis of variation in clonal lineages (e.g. Simon,

et al., 1995).

It is clear from this brief summary that allozymes have been used in an immense number
of population studies. In the majority of more recent studies they are used in parallel
with a second, generally more variable marker — often a region of the mitochondrial

genome.

2.2.2. DNA extraction from fresh and preserved specimens

The extraction of DNA is an important aspect of any molecular investigation, since the
purity and amount obtained determine the success of subsequent procedures. For
example if the DNA is to be digested by restriction enzymes or to be used in the
construction of a genomic library, it is important to remove proteins and RNA from the
sample. This can be achieved by using a stringent phenol-chloroform extraction, possibly
followed by a caesium chloride gradient purification (Cockburn & Fritz, 1996). If the
DNA is required for basic PCR amplification, then its purity from contaminating proteins
and organic matter may not be as crucial (Hammond et al., 1996). Nevertheless,
contamination with other DNA sources will cause problems, and the presence of nuclease

enzymes are likely to result in DNA degradation.
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The technique of extracting DNA from fresh insect material is relatively simple, and a
multitude of protocols used for DNA isolation from other organisms will usually suffice
(Cockburn & Fritz, 1996). However, extraction from older specimens may give more
inconsistent results. This can be due to a number of factors, the most important of which
is likely to be the degradation of the DNA (Tan and Orrego, 1992; Post et al., 1993;
Cameron, 1993; Cooper, 1994; Oakenfull, 1994; Whitfield, 1996).

A variety of techniques have been used to purify DNA from preserved specimens. For
example, Cano et al., (1993) used Chelex®-100 (BioRad, UK) to release DNA from
amber-entombed weevils. It has previously been noted that DNA extracted via this
method is prone to rapid degradation, possibly because the DNA is not separated from
proteins, particularly nucleases, which will quickly break down the DNA. To avoid this,
an extraction with Glassmilk Spinbuffer can be useful (Cockburn & Fritz, 1996).
Aljanabi and Martinez (1997) demonstrated that a salt-extraction method could isolate
DNA suitable for PCR from a variety of preserved organisms including a grasshopper
species (Schistocerca pallens). Hammond et al. (1996) used a guanidium thiocyanate
extraction to isolate DNA from a variety of preserved air-dried insects, demonstrating

that the DNA was suitable for a subsequent PCR amplification.

The extraction of DNA from older preserved specimens presents a variety of problems.
In the majority of cases, the insects from these sources have not been stored in an ideal
manner for the preservation of DNA. Butterflies for instance, are generally stored air
dried, leaving the DNA susceptible to oxidative processes that may modify pyrimidines,
sugar residues, baseless sites and intermolecular links (Paabo, 1989; Cockburn & Fritz,
1996). After death, the period prior to desiccation is a crucial stage in storage because
hydrolytic enzymes will rapidly degrade the DNA (Roy et al., 1994; Dillon et al., 1996).
Thus, desiccation speed will influence the level of degradation (Paabo, 1989). The result
of this damage to the DNA means it is generally only useful for PCR-based studies
(Thomas, 1989; Ellegren, 1991; Cano and Poinar, 1993; Mitton, 1994, Hammond et al.,

1996).
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In older samples, fragmentation of the DNA will limit the amplifiable range of PCR to
less than 300 base pairs (Paabo, 1989; Cockburn & Fritz, 1996). This will make it
impossible to isolate entire genes, except by building up sequence data from contiguous
PCR amplified fragments. This method was successfully used by Cano et al. (1993) to
sequence the mitochondrial 16S rRNA gene and its internal spacers and thereby deduce
the taxonomy of ancient amber entombed weevil. Hammond et al. (1996) reproducibly
used random amplified polymorphic DNA (RAPD) analysis, a technique requiring
significant lengths of DNA (300-3,000bp), in seven-year-old air-dried butterflies.
Markers such as microsatellites have also been successfully amplified from preserved
specimens (Roy et al., 1994; Meglecz et al., 1998). The small size of these markers lend
themselves particularly well to studies using preserved specimens. The mitochondrial
genome has a high copy number within each cell (around 200 copies), as a result of the
numbers of mitochondria present. This increases the likelihood of relevant mitochondrial
DNA (mtDNA) regions being intact and available for amplification (Paabo, 1989;
Thomas et al., 1989; Wayne & Jenks, 1991; Moritz, 1994; Taylor et al., 1994; Cockburn
and Fritz, 1996).

One proviso of PCR amplification, particularly when using preserved specimens, is that
because of the sensitivity of the technique, the presence of contaminating DNA may
cause erroneous results. This is of paramount importance if a “universal” PCR primer is
being used (i.e. primers designed for highly conserved DNA sequences that are not
species specific). For example, DNA from necrophagous beetles, mites or fungal
growths found on dried insects may contaminate the DNA extracted from museum
specimens. If this results in enough contaminating DNA, subsequent PCRs may amplify
the younger, less damaged DNA, resulting in spurious PCR products. Even DNA from
human sources can cause problems. In this situation, DNA sequencing would be a useful

method to identify the true origin of any PCR amplified products (Lister, 1994).

The use of DNA from museum specimens adds another dimension to the study of
genetics: changes over time as well as space can be investigated. For example,

examining evolutionary changes within a species occurring over decades or even
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centuries. Even extinct populations or species that are hard to access in the wild can be

studied (Cano & Poinar, 1993). Taxonomic questions can also be addressed (Cano et al.,

1993).

When working on preserved insects it is important to realise that few collectors will
welcome destructive sampling, or removal of significant amounts of tissue from their
specimens, because of the damage this would inflict. Philips and Simon (1995) have
suggested a non-destructive method to extract DNA from dried insects, which may be
acceptable to collectors: they have recovered DNA by submersing the insect exoskeleton
in an extraction solution and soaking overnight at 68°C. However, this method would be
of limited use with butterflies because of the delicacy of the specimens, especially the
wings. Perhaps by minimising the tissue amounts required, the problem of damaging
preserved specimens could be overcome. An obvious choice for butterflies would be to

remove one or more legs for DNA extraction.

The problems with obtrusive sampling exist not just for museum specimens, but also with
wild populations, particularly in studies of rare or endangered organisms. Rose et al.
(1994) successfully PCR amplified DNA from wing clippings of silver studded blue
butterflies (Plebejus argus). This technique may be equally as effective in stored
specimens as it is in fresh, because butterfly wings dry out soon after pupation. In a
study of the glanville fritillary butterflies (Melitaea cinxia) in Finland, the problems with
obtrusive sampling were overcome by capturing gravid females from a wild population,
then allowing larval development in the laboratory. The offspring were then released into

the wild and the female used for molecular analysis (Saccheri e al., 1998).

2.2.3. Mitochondrial DNA (MtDNA)

The mitochondrial genome is usually 16-18kb in size, with one genotype per individual,
although there are exceptions to this. Bark weevils of the genus Pissodes have a 30-36kb

mitochondrial genome and are often heteroplasmic for mtDNA (Taylor et al., 1993;
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Mitton, 1994; Lunt et al., 1998). In contrast to the diploid nature of nuclear DNA, the
mitochondrial genome is haploid. This is because the genome is maternally inherited,
and thus the genotype of any individual is identical to that of its female parent. As a
result of this, the genome does not undergo recombination (Avise, 1991) and
consequently variation accumulates by mutation alone, with no subsequent reshuffling.
This means that the mitochondrial genome can only represent a single segregating unit,
reducing the power of the analysis; therefore mtDNA should always be used in
conjunction with nuclear DNA markers (Moritz, 1994; Roderick, 1996). However, this
non-mendelian inheritance pattern does mean that mtDNA can be a powerful tool in the
detection of founder effects and population bottlenecks (Roderick, 1996; Taylor et al.,
1997), because unlike nuclear DNA, the genetic evidence in the mtDNA for these events
will not subsequently be confused by the recombination and segregation of alleles. One
important proviso of this maternal inheritance pattern is that gene flow from male

migration cannot be quantified, and the effective population size will be reduced (Avise,

1991 & 1994).

When both nuclear and mitochondrial markers are used in parallel, their results do not
always concur. Evidence has shown that there is not always a clear correlation between
diversity in the nuclear and mitochondrial genomes. For example, low mitochondrial and
high nuclear diversity has been reported in rapidly expanding populations of species such
as geckos, (Moritz, 1991), whereas high mitochondrial and low nuclear diversity has
been observed in declining species such as humpback whales (Baker et al., 1993). Both
these examples represent cases where there have been recent demographic changes in the
populations; the disparity between the nuclear and mitochondrial markers may be

attributable to their differing inheritance patterns and mutation rates.

The mtDNA genome has a number of rapidly evolving regions, which have been used to
investigate the population structure and dynamics of many organisms, including insects.
These parts of the genome, many of which code for functional genes, have been shown to
have a higher mutation rate than equivalent nuclear DNA regions. However, there are

exceptions to this: some Drosophila species appear to have an equal rate of mutation
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between nuclear and mtDNA, although this may result from their extremely high nuclear
mutation rate (Vawter & Brown, 1986). Interspersed between these highly variable
mitochondrial regions are extremely conserved sequences. Primers designed within these
conserved areas can be used to amplify the more variable regions, even across the species
boundary. These are known as “universal primers” (Simon ef a/., 1994; Roehrdanz,

1995; Lunt et al., 1998).

The high mutation rate of certain regions means that they are particularly suitable for
studies of variation within and between closely related populations and species. For
example, the hypervariable “AT-Rich-Control region” of insect mtDNA has been used in
many studies, from analysing genetic differentiation between Drosophila melanogaster
populations (Hale and Singh 1991), to the elucidation of species relationships within the
genus Jalmenus (Lepidoptera: Lycaenidae) (Taylor et al., 1993). Other mitochondrial
regions have a slower mutation rate and are applicable to studies of phylogenetic change;
for example, the gene encoding the 16S ribosomal DNA subunit has been used to
examine phylogenetic relationships of more than 40 European butterfly species in the
family Satyridae (Martin et al., 2000). This variation in the mtDNA between individuals,
populations or species can be investigated by a number of methods:
(1) Sequence analysis, restriction fragment length polymorphisms (RFLPs) of a
PCR amplified product (PCR-RFLP).
(i1) PCR analysis of variable number tandem repeats (VNTR) within the
mitochondrial sequence, particularly within insect AT-Rich control regions

(Taylor et al., 1993; Lunt et al., 1998).

The principal applications of mtDNA include: (i) phylogenetic analysis and taxonomic
investigations, (e.g. Sperling & Harrison, 1994; Brunton & Hurst, 1998; Zimmerman et
al., 2000) (i1) the identification of past demographic changes in populations (e.g. genetic
bottlenecks and founder events) (e.g. Brower & Boyce, 1991; Brookes et al., 1997,
Groman & Pellmyr, 2000), and (iii) the elucidation of the genetical structuring of
populations (e.g. Geurgas et al., 2000; Segura, 2000; Taylor et al., 2000)
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2.2.4. Randomly Amplified Polymorphic DNA (RAPD)

This technique uses a PCR based approach, although instead of using a pair of site-
specific primers, a single oligonucleotide primer of random sequence, generally around
10bp in length, is employed (Welsh & McClelland, 1990; Lynch & Milligan, 1994).
Obviously, there are likely to be numerous sites within an entire genome that contain the
10bp of complimentary sequence appropriate for primer annealing, whereas site-specific
primers rely on the fact that a circa 20bp length of sequence is likely to be unique. The
result of this is that the RAPD primer amplifies a collection of DNA products of various
sizes up to 3,000bp (Black, 1993; Mitton, 1994); hence the term randomly amplified
polymorphic DNA. This arbitrary grouping of amplicons can be visualised on an
ethidium bromide stained agarose gel or a silver stained acrylamide gel. The variation in
band size and presence between different individuals results from polymorphisms in
tandem repeats within the amplified products, or mutations that may alter the primer
binding sites (Williams et a/., 1990). Thus each individual is represented by a unique

banding pattern.

There are many drawbacks. The use of short non-specific primers means that in some
cases they may bind poorly to the template DNA, resulting in a lack of reproducibility of
the technique. As it is impossible to identify whether the bands originate from the same
region of the template DNA, bands of similar size but different sequence, from different
individuals, may be erroneously assumed to be homologous (Roderick, 1996).
Reproducibility of the results may be hard to maintain, since small variations in
methodology, such as variation in the source of Tag polymerase enzyme, or even using a
different PCR machine, may affect the amplification (Black, 1993; Regner et al., 2000).
The application of the technique is questionable where the DNA is likely to be degraded
to a significant extent, for example, in aged museum specimens because some primer
sites may be lost and the banding pattern erratic (Black, 1993). Another problem could
arise from variation in the concentration of the PCR products, if this 1s low, then some
bands may be too faint to visualize and an incorrect genotype may be assigned (Black,

1993). Contamination of the PCR will also have serious effects on the banding pattern,
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because the primers are not site-specific. This will cause anomalous and non-
reproducible results. For this reason, a negative control should always be used. A large
number of individuals from a population are necessary to test for divergence between
populations (Yu & Peter Pauls, 1994). The markers are dominant (Hadrys et al., 1992)
and therefore no inferences can be made regarding heterozygosity or probable descent of

alleles.

Aside from the technical difficulties listed above, the technique has many advantages,
these include: (1) The technique can be very economical as the only significant expense 1s
the 7Taq polymerase enzyme. (ii) A high amount of genetic diversity can be uncovered in
a relatively small amount of time and effort, in contrast to other techniques such as
allozymes, which often lack the necessary variability (Black, 1993; Graur, 1985). (iii)
No prior DNA sequence knowledge is needed to design primers (Yu & Peter Pauls,
1994). (iv) Sampling can be carried out in an un-obtrusive manner because only a small

amount of tissue is required (Lushai et al. 2000).

There are many applications for the technique:

(1) Taxonomy: Markers can be used to identify polymorphism that is present at
the family or species level (e.g. Chapco et al., 1992; Hadrys et al., 1992;
Wilkerson et al., 1993; Altukhov & Abramova, 2000; Audisio et al., 2000).

(ii)  The identification of population structure (e.g. Zhou et al., 2000), gene flow
between populations (e.g. Lushai er al., 2000) and detection of hybrid zones
(e.g. Arnold ef al., 1991).

(iii)  Assessment of kinship relationships within populations: The banding patterns
for individuals can be used to assess whether two individuals are related
(though it may not be possible to elucidate the specific nature of the
relationship)(e.g. Hadrys et al., 1992; Gerber et al., 2000).

(iv)  The generation of novel specific probes: Polymorphic RAPD bands can be
investigated for the presence of microsatellite repeats using sequence analysis.

A number of microsatellites markers have been isolated using this method
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(Hadrys et al., 1992; Roderick, 1996; Ramser et al., 1997;0sakabe et al.,
2000).
) The 1dentification of clonal lineages. Clonal lineages can be identified by the

specific banding pattern represented by the RAPD-PCR. (e.g. Kreher ef al.,
2000; Regner et al., 2000).

For a review of the application of RAPDs in evolutionary and applied entomology, see

Harry et al., (1998). From the number of studies carried out using RAPDs, it is clear that

this technique has been used in a large number of projects and has had a significant

impact on the field of population biology.

2.2.5. Restriction Fragment Length Polymorphisms (RFLP)

This technique was widely used during the 1980’s to study polymorphisms at the level of
the nucleotide, particularly in mtDNA (Burke, 1994). The technique relies on the
application of restriction endonuclease enzymes to cut the mitochondrial or nuclear DNA
at multiple sites. The enzymes are highly specific for certain sequences, for example,
Msp I will only cleave the DNA at CCGG sequence motifs. The length of the motif will
dictate the frequency at which the enzyme cleaves the DNA. Msp I, for example,
recognises a 4bp motif, so will cut on average every 256bp throughout the genome,
whereas a 6bp cutter, such as Bam HI, will cut every 4096bp (Hoelzel & Dover, 1991).
The application of frequent cutters such as Msp I to genomic DNA would result in such
an enormous number of DNA fragments that if the DNA were simply run on an ethidium
bromide stained agarose gel, the results would appear as a smear (Hoelzel & Dover,
1991). For this reason it is necessary to use one of two techniques: (i) radio-labelled,
sequence specific probes can be applied with Southern blotting (Southern, 1975) and
autoradiography to visualise the size of the bands. Or (ii) Specific regions of the genome
can be amplified using PCR, (up to 3kb), these can then cut with restriction enzymes,
electrophoresed and then ethidium bromide or silver stained to reveal polymorphisms
between the cut fragments (PCR-RFLP). The method is similar to RAPDs, because

polymorphisms are caused by both sequence variation at restriction sites and differences
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in tandem repeat numbers between restriction sites, thus each individual will be

represented by a different banding pattern on a gel (Mitton, 1994).

RFLPs can uncover a large amount of genetic information (Roderick, 1996). However,
unless an initial PCR amplification is carried out, large amounts of DNA are necessary
for good results (Erlich & Arnheim, 1992). If the investigation uses mtDNA, the
isolation of mitochondria from the cell may be required. The manufacture and design of
RFLP probes can be time consuming, unless information can be obtained about the
organism’s genome, or probes from a closely related species are available. Ifnot, a
suitable probe will need to be created either by screening cloned DNA fragments

(Loxdale & Lushai, 1998) or amplifying and labelling specific regions of DNA.

It must be remembered that as with RAPDs, the banding patterns created by PCR-RFLP
analysis are dominant and as such it is not possible to distinguish heterozygotes or make

inferences about the probable descent of alleles (Avise, 1994).

There are many applications for the technique, including:

(1) Investigating taxonomy, phylogenetics and speciation. Markers can be used
to identify polymorphism that is present at the family or species level (e.g.
Sperling & Harrison, 1994; Deowanish et al., 1996; Hall, 1990).

(i)  The identification of population structure, gene flow between populations and
detection of hybrid zones (e.g. Haag et al., 1993, Brookes et al., 1997).

(i)  The identification of clonal lineages. Clonal lineages can be identified by an
individual banding pattern (e,g, Birkle and Douglas, 1999).

The majority of these studies have used RFLP analysis on mitochondrial DNA, whilst

a second marker type has also been used in parallel to investigate nuclear variation.
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2.2.6. Amplified Fragment Length Polymorphism (AFLP)

A technique that combines elements of RFLP and RAPD analysis is amplified fragment
length polymorphisms (AFLP). This method selectively amplifies products from a
restriction digest of the genomic DNA, by ligating oligonucleotide adapter molecules to
the digested fragments. The sequence of these adapters, combined with the sequence of
the restriction enzyme recognition site serve as a primer binding site for PCR, allowing
co-amplification of a subset of restriction fragments (see Vos et al., 1995). In order to
visualize the fragments produced, one primer is labelled either fluorescently or
radioactively, then visualized and sized using autoradiography or an automated

sequencer. The result is a specific banding profile for each individual tested.

An important advantage of this method is that it does not require the lengthy development
associated with microsatellite loci, and it provides a more reliable banding pattern than

RAPD profiling.

The AFLP technique has already been applied to population genetics, mostly of plants.
For example, 429 AFLP markers have been used to investigate the partitioning of genetic
variation in 11 endangered populations of the heart-of-palm, (Euterpe edulis)
demonstrating highly significant evidence for differentiation between populations
(Cardoso et al., 2000). Another study used AFLP markers to efficiently detect low
diversity within, and high variation between, populations of Withania somnifera (Negi et
al., 2000). An example of the technique being used in entomology is a study where the
genetic relationships among biotypes of Bemisia tabaci (Hemiptera : Aleyrodidae) was
analysed, based on AFLP analysis, resulting in the biotypes being successfully grouped

together into four geographic clusters (Cervera et al., 2000).
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2.2.7. Minisatellite fingerprinting

Minisatellites are hypervariable DNA regions, consisting of tandem repeats of core
sequences made up of between 15 to 60bp units, contiguously repeated up to several
hundred times. Minisatellites are also known as variable number tandem repeats
(VNTRs), and when non-coding they appear to be non-functional within the genome
(Jeffreys et al., 1985a). Allelic polymorphism arises as a result of variation in the copy
number of the core sequence, which may arise because of unequal meiotic exchanges, or
by replication slippage (Jeffreys et al., 1985a). The polymorphisms can be detected by
restricting the DNA with the appropriate endonuclease enzymes, electrophoresing the
fragments on an agarose gel, Southern blotting the DNA onto nylon membrane and then
hybridising with radioactively labelled probes (Southern, 1975). These probes consist of
tandem arrays of the appropriate repeat unit being screened for (Blanchetot, 1992). The
probes can be commercially obtained (e.g. A human derived marker: 33.15 (Carvalho et
al., 1991; Jeffreys et al., 1985b)) or developed using analogous probes from other taxa
(e.g. (GATA)4 (Traut & Epplen, 1992; DeBarro ef al., 1994; Loxdale and Lushai, 1998)).
This is possible because they are often ubiquitous between species, even those from
different kingdoms. For example, sequences from the bacteriophage M13 are
homologous to hypervariable regions in many species, including a bee, Megachile

rotunda (Blanchetot, 1992).

Allelic polymorphism can also be identified directly using PCR. In order to amplify the
variable number tandem repeat (VNTR), PCR primer pairs can be designed from
published VNTR core sequences. When these are used to amplify the region, the allelic
variation will be represented as a change in the charge to mass ratio during gel
electrophoresis. Alternatively, these amplified fragments can be used as probes for
Southern blotting genomic DNA (Heath et al., 1993). Probes that hybridise to a single
site within the genome are known as single locus probes (Hall, 1990), whereas those that
bind to multiple sites are known as multiple locus probes (Jeffreys, 1985a). Single locus

probes are co-dominant, allowing heterozygotes to be distinguished, but multiple locus
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probes are dominant and although they may show more variation in the banding pattern,

it is not possible to distinguish heterozygotes (Avise, 1994).

Minisatellites are useful in population genetics because they are highly variable, able to
identify recent demographic changes such as genetic bottlenecks (Blanchetot & Packer,
1992), and also to quantify the structure between populations (Blanchetot, 1989 & 1991a;
Reeve et al., 1992; DeBarro et al., 1994). Single locus minisatellites are also a powerful
tool for identifying the kinship relationships between individuals in a sexually
reproducing population (Blanchetot, 1991b & 1992; Chakraborty & Jin, 1993), whereas
the multi-locus method is unable to define relationships wider than parental, unless the

population is clonal (Carbone et al., 1999).

Minisatellites can show vast amounts of variation compared with allozymes (Reeve et al.,
1992). The technique often requires significant amounts of high molecular weight DNA,
and thus sampling of small organisms such as insects, from endangered populations
without causing damage would be difficult. However, it is possible to use PCR to
amplify single loci, using much smaller amounts of DNA. Minisatellites currently seem
to have fallen out of favour; this is possibly because of the advent of simpler techniques

such as microsatellites, which have become the marker of choice for many studies.

2.2.8. Microsatellite fingerprinting

Microsatellites are short lengths of tandemly repeated DNA sequences that occur
throughout the genomes of many organisms, including insects (Roderick, 1996). Their
core repeat units are short, ranging from one to six base pairs in length (Tautz & Renz,
1984; Litt & Lutty, 1989; Jarne & Lagoda, 1996), though di-, tri- and tetra-nucleotides
are the most common. These repeat units are repeated within an array usually 100bp or
less in length (Jarne & Lagoda, 1996). They are also known as simple sequence repeats
(SSR) or short tandem repeats (STR) (Tautz & Renz, 1984; Hughes & Queller, 1993).

The repeats can be present in exons but there seems to be a length limit here, probably as
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a result of selective pressure (Sutherlands & Richards, 1995). The polymorphisms can
easily be identified using a combination of PCR amplification (Saiki et al., 1988) and
acrylamide gel electrophoresis. The results can be visualised using silver staining,
autoradiography or by more modern techniques using fluorescently labelled PCR primers
with automated sequencing equipment, such as an ABI-PRISM-377 automated sequencer
(PE-Biosystems, UK). The high conservation of sequences surrounding the repeats
allows PCR primer design and in a few cases, these may even be conserved between

related organisms, e.g. as found by Engel ez a/. (1996) among Artiodactyl species.

There are many advantages to using microsatellites as a genetic marker, and they are
rapidly becoming the marker of choice in many population genetics studies (England et
al., 1996; Goldstein & Pollock, 1997; Maclean & lyengar unpublished). They are
superior to minisatellites and RAPDs in population studies because they are always co-
dominantly inherited in a mendelian fashion, with a normal segregation of alleles, so that
a pattern of descent can be attributed to particular alleles. Microsatellites can also detect
variation where other methods, such as allozymes, fail (Hughes & Queller 1993; Meglecz
et al., 1998). They can be used to sample populations un-obtrusively because of the
application of PCR, and can even be used where DNA has become degraded, such as in
museum specimens (Queller et al., 1993, Ellegren, 1991). The selective neutrality of
microsatellites allows for rapid evolution of sequence variation and length (Roderick,
1996), though levels of variation can be slightly lower than some minisatellites (Edwards
et al., 1992; Blouin et al., 1996). This variability makes them very useful in studying
small-scale differences in closely related populations, or in studying recent demographic
events such as genetic bottlenecks. The heterozygosity of loci in natural outbreeding

populations can be well above 50%, peaking at almost 100% (Jarne & Lagoda, 1996).

The main disadvantage of microsatellites is that unless genomic information of the study
organism is available, then it will be necessary to construct a genomic library, which 1s
costly in both time and money (Roderick, 1996; McLean & lyengar, unpublished).
Although PCR-based methodologies, such as RAPDs, may overcome this need for library
construction (Hadrys ef al., 1992; Ender et al., 1996; Roderick, 1996; Ramser et al.,
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1997; Osakabe et al., 2000), this method can be somewhat unreliable (Alex Rogers,
personal communication). In some cases primers that are found to work in one species
may amplify microsatellite loci in another related species (Traut & Epplen, 1992; Engel
et al., 1996). Another potential problem is that some taxa appear to be impoverished of
microsatellite loci. A notable example is the order Lepidoptera, where many species
seem deficient in microsatellite regions within their genome (Neve & Meglecz, 2000;
Meglecz et al., 1998; Meglecz & Solignac, 1998). As a consequence of this, very few
lepidopteran studies have employed microsatellites, and even where they have been
utilized, the numbers used have been sub-optimal. For example, just four microsatellites
were used to uncover the influence of landscape on the population structure of
Parnassius smintheus (Keyghobadi, 1998). This was the largest number of microsatellites
used in any lepidopteran study, prior to the work detailed in this thesis. Ideally a
minimum of five or six loci is necessary to increase the analytical power and reduce the
inherent biases of studies employing microsatellites (Hughes and Queller, 1993;
Ruzzante, 1998). One other proviso in the application of microsatellites to a study is the
possibility of null alleles. This is where a mutation in the flanking regions of the
microsatellite affects primer binding, resulting in a non-amplifying allele. The result of
this is that individuals may be mistakenly assumed to be homozygous (Palo et al., 1995;
Pemberton ef al., 1995; Lehman et al., 1996; Van Treuren, 1998). The presence of null
alleles may be inferred by an excess of homozygotes within the data or by the repeated
failure of PCR to amplify any alleles in an individual, particularly in kinship studies if the
parental genotypes both appear to be homozygous (i.e. both are actually heterozygous
with one null allele each) (Pemberton ef al., 1995).

To reduce the inherent costs involved in microsatellite analysis, it is possible to reduce
the Taq polymerase requirements by multiplexing the amplification of several loci, i.e.
use more than one primer set in a single PCR, thus simultaneously amplifying different

loct within the genome (Wenburg ef al., 1996).

Microsatellites have been used in an enormous variety of studies, including those

involved with population structure, taxonomy, phylogenetics, speciation, genetic
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variability, the identification of clonal lineages, identification of recent demographic
changes in populations, and kinship analysis. There are countless numbers of studies
within each of these areas that have employed microsatellites, but barely a handful of
these have analysed lepidopteran species (Palo et al. 1995; Meglecz et al., 1998; Saccheri
et al., 1998; Keyghobadi ef al., 1999). For detailed reviews of the applications and

molecular basis of microsatellites, see Schlétterer (1998).

2.2.8.1. Statistical methods for the analysis of microsatellite data

In order to make use of data obtained using microsatellite markers, it is vital that the
appropriate statistical method is chosen for the analysis of the data. Many different
estimators of genetic distance between populations exist, each taking a slightly different
approach to the analysis. Some of these were originally developed for other molecular
methodologies, whereas some were developed specifically for microsatellite data. It
should be noted that a number of characteristics separate microsatellites from other
markers. In particular their mode of mutation differs from that of, for example,
allozymes, and a mutation model can be incorporated into the analysis of the data. For
example, the Infinite Allele Model (IAM) (Kimura & Crow, 1964) assumes that a single
mutational step is all that is necessary for an allele at any locus to mutate to any other
allelic state. This mutation model is particularly of relevance to, and was originally
devised for allozyme data where this theoretical parameter is correct. However, in the
case of microsatellites, it is generally accepted that a major cause of mutation is
polymerase slippage during replication (Hughes and Queller, 1993); this will usually
result in either the addition or loss of a single repeat unit. A model that adapts itself to
this aspect of microsatellites is the Stepwise Mutation Model (SMM) (Ohta & Kimura,
1973; Wehrhahn, 1975; Shriver et al., 1993; Valdes et al., 1993); this model assumes that
mutation acts by increasing or decreasing the electrophoretic mobility of an allele by one
unit. The model also assumes that there is no upper limit to the number of repeats in an
allele, a trait that may or may not be appropriate to microsatellites. Another intermediate

model that is pertinent to microsatellite data is the Two Phase Model (TPM), this takes
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aspects of both the IAM and SMM to produce an intermediate between them, whereby a
mutation modifies the current allele size by one unit with probability p and by more than
one unit with probability 1-P (D1 Rienzo ef al., 1994). Evidence has been presented that
demonstrates this model as a more appropriate mutation estimator for microsatellites (Di

Rienzo et al., 1994).

There are several kinds of estimators used to analyse population structure, but the most
commonly used, at least until recently, have been those based on Wright’s F-statistics
(Fsr) (Wright, 1951). F-statistics are based on Wright’s inbreeding coefficient F in a
subdivided population. Roughly speaking, F is the probability that two randomly chosen
alleles are identical by descent in the previous generation. In F-statistics, F is estimated

for individuals within a subpopulation (/), between subpopulations (S) and for the total

population (7).

Fis, the inbreeding co-efficient, describes the divergence of observed heterozygosity from
the expected heterozygosity within subpopulations assuming panmixia. Fsr, the fixation
index, describes the reduction in heterozygosity within sub-populations relative to the
total population as a result of selection or drift. Fjz, the overall inbreeding co-efficient,
describes the reduction of heterozygosity within individuals relative to the total
population as a result of non-random mating within subpopulations (#;s) and population

subdivision (Fsy). These terms are related (Hartl, 1988):

(I‘F]T): (l—FST) + (I—F]S)
In other words, the total level of inbreeding equals the inbreeding caused by population
subdivision plus the contribution to inbreeding by non-random mating within
populations. When looking at spatial population structure, Fsr 1s the most important

aspect, and can be estimated by Gsrusing the following equation:

Fsr= Gsr=(Hr— Hs)/Hr
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Where Hris the mean heterozygosity of the metapopulation and Hs is the mean

heterozygosity among individuals within subpopulations.

Fgrvalues range from zero to one. Zero indicates that there is no genetic differentiation
between subpopulations, whereas 1 indicates that the subpopulations do not share any
alleles. However, even at very low Fsr values genetic differentiation can still be
significant (Wright, 1951). This is particularly pertinent with microsatellites, where the
IAM does not account fully for the mutational effects, so that Fgy will tend to under-

estimate the true level of genetic differentiation (Slatkin, 1995).

Fsrand other established methods of genetic differentiation, e.g. Gsy(Nei, 1973), 6 (Weir
and Cockerham, 1984) and measures of genetic distance such as Nei’s unbiased distance
(Nei, 1978) are all based on the IAM of mutation. As discussed earlier, this model is
somewhat inappropriate to the analysis of microsatellite data. Statistics based on models
that take into account the mutation pattern of microsatellites have been proposed: Rsr
(Slatkin, 1995), a measure of genetic differentiation analogous to F's7, and distance
measures such as (Ju)* (Goldstein ef al. 1997; Feldman, 1997), ASD (Goldstein ef al.,
1997) and Shriver et al’s Dsy. These measures, particularly Rgr, have been suggested to
give more accurate statistical calculations of population parameters (Slatkin, 1995).
However, there does seem to be some disagreement over this; Gaggiotti et al. (1999) used
both Fsrand Rsrin a study, and consistently found Fsr-based estimates fitted the data
more accurately where sample sizes were small. Ruzzante (1998) also found Fir fitted
data better than Rgr, particularly where there were large differences in sample size.
However, Rgrhas been further refined by Goodman (1997) to standardize the data input
taking into account various factors such as differences in sample size between

populations and the magnitude of variance in allele size between loci.

Another group of distance measures do not assume any particular evolutionary model of
mutation. For these a simple Euclidean distance is determined rather than calculations
based on population heterozygosity values. These include D¢ - Cavalli-Sforza &

Edwards Chord distance (1967), D4 - Nei et al’s 1983 distance and D g, an allele sharing
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distance developed by Stephens e a/ (1992). Other methods of calculating distance
measures have also been developed. It should be noted that both Cavalli-Sforza and
Edwards (1967) Chord distance and Nei et al’s (1983) D, distance have been shown to be
particularly efficient measures for reconstructing evolutionary relationships when
heterozygosities are high, outperforming distances designed for the stepwise mutation
model (Takezaki & Nei, 1996). Paetkau er al., (1997) also tested several distance
measures on data sets from three Arctic bear populations. The authors found that at finer
scales, distance measures developed specifically to accommodate mutational processes
performed relatively poorly when compared to conventional distance measures. This is
suggested to be because of higher levels of variance associated with the microsatellite-
specific distance measures. However, when used to analyse larger evolutionary scales,
all distance measures performed poorly; this was attributed to constrained and uneven

mutation of the microsatellite loci.

In recent years, a number of other statistical approaches have been devised for the
analysis of microsatellite DNA data. Many of these have been used for some time for
phylogenetic reconstruction and in the analysis of sequence data, and are now being
applied to microsatellite data (Luikart & England, 1999). These include:
(1) Coalescent methods: a mathematical modeling approach for assessing the
shape of trees and genealogical processes underlying patterns of shared
ancestry (Rogers & Harpending, 1992; Luikart & England, 1999).
(i)  Maximum likelihood (ML): methods whereby the parameters are found that
maximize the probability of obtaining the observed data under a certain model
(Wilson & Balding, 1998).
(iii)  Markov chain Monte Carlo (MCMC) algorithms: A computer intensive
stochastic simulation method for solving the mathematical integration
necessary to calculate an allele distribution (Ayres and Balding, 1998).
(iv)  Bayesian methods: Another modelling method to devise a probability
distribution for the parameter of interest (e.g. effective population size)

(Stefanini and Feldman, 2000).
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In addition to this, a large number of computer programmes are available that can detect
changes in the effective population size (¥,). Detecting reductions in N, is critical in
conservation biology where population declines can increase the risk of extinction.
Genetic tests are now available that can identify a recently ‘bottlenecked’ (or declining)
population, even when no information is available on the current or historical population
size (Luikart & Cornuet, 1998; Luikart ez al., 1999; Spencer et al., 2000). Methods are
also available for detecting population expansion by modelling of microsatellite data, in
particular looking for imbalances between allele size variance and heterozygosity

(Kimmel e al., 1998).

The analysis of microsatellite data is a relatively new and rapidly expanding field. A
bewildering array of analysis techniques is available, and often they can be applied to the
same data and arrive at subtly different conclusions. This is clearly an undesirable
situation, for it hampers the comparison of studies where different analytical methods
were used. A consensus is urgently needed as to which techniques are most appropriate

for particular situations.

2.2.9. DNA sequence allelic variation

There are a variety of basic techniques that can determine allelic variation between
individuals. The simplest of these involve differentiating heterozygotes from
homozygotes, with no further characterisation of particular alleles. An example is
heteroduplex analysis, a method that can identify whether an individual has one or two
types of DNA at any particular locus (i.e. whether it is homozygous or heterozygous).
This is achieved by PCR amplification of a locus, separating the strands by heating and
cooling the amplified DNA, then running the results onto a gel. If the locus is
heterozygous, there will be two different amplified molecules, which on denaturing
become four strands of DNA, each with a unique sequence. On re-annealing, these may
form heteroduplex molecules, which contain one or more base-pair mis-matches. When

analysed on a gel, these will move at a different speed to the homoduplex molecules, thus
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two bands will appear on the gel as opposed to the single band that represents
homozygotes. This method relies on a heteroduplex molecule with base pair mis-

matches having an altered charge to mass ratio, which may not always be the case.

Another method that can be applied is called single strand conformational
polymorphisms (SSCP) (Lessa & Applebaum, 1993). The technique can resolve
differences as minute as a single base pair change in DNA fragments up to 300bp long
(Orita et al., 1989). It relies on two principles: (i) The molecular arrangement of single
stranded DNA results from its nucleotide sequence, and (ii) even small changes 1n
configuration can affect mobility across a gel. The DNA region to be investigated must
be isolated either by PCR amplification or restriction digestion, then heated and cooled to
separate the two strands, electrophoresed and stained with ethidium bromide. If the
individual is homozygous, each complimentary strand will move at slightly different
speeds determined by its nucleotide composition, giving two distinct bands per allele. If
the individual is heterozygous, there will be four separate bands on the gel. The
probability of detecting a single base pair mutation in 300bp is 99% (Hayashi, 1991). In
comparison, RFLP analysis can only detect base pair changes if they occur within a

restriction site.

A third method that is also capable of separating homoduplex molecules is based on their
physical properties and resulting behaviour during electrophoresis on gels containing
linear gradients of denaturants (e.g. heat or urea). This technique is known as denaturing
gradient gel electrophoresis (DGGE), or where temperature is the gradient: temperature
gradient gel electrophoresis (TGGE) (Lessa & Applebaum, 1993; Shchyolkina ef al.,
2000). The principle of this procedure is that as the DNA moves across the gel gradient,
it will reach a point where it will denature. Once this has occurred, any further
movement across the gel is severely impeded. The base pair composition of DNA will
drastically affect its ability to resist denaturation, for example a mutation from G/C to
A/T will increase the resistance. Different mutations will behave differently. Therefore, a
locus that is heterozygous will produce two distinct bands because of the sequence

variations, whereas a homozygote will produce a single band.
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All of the methods described are capable of identifying small changes in a specific region
of DNA that does not exceed 500 base pairs in length. The techniques are useful in
investigations where specific allelic variation is of importance, but although the
techniques are capable of identifying the presence of variation, further characterisation of
the region is not possible. Sequencing of the region would be necessary for further
investigation, for example, to identify the nature of the variation between the alleles, or to
quantify the number of alleles per locus. Therefore its applications to some studies may
be limited, and other techniques not involving DNA sequencing, such as microsatellites,

could be more informative.

2.2.10. Nuclear Introns (EPIC-PCR)

Introns are non-coding regions within genes. Because these regions are not under the
same selective constraints as exons, it is likely that they will have a higher mutation rate.
PCR primers can be designed that will anneal to highly conserved nuclear genes, known
as exon-primed intron-crossing (EPIC) primers. These provide homologous loci for
examining a range of different organisms (Palumbi, 1995). Once a site to be amplified
has been located, the introns must be sequenced to obtain information. Once this
variation is understood, it is possible to use restriction enzymes to analyse further
variation (Palumbi, 1995; Roderick, 1996). It seems likely that this technique will be
useful for examining geographic structure within insect species as well as diversity
among closely related species (Palumbi, 1995: Roderick, 1996). However, intron
sequences are probably too variable to be used to reconstruct relationships between
distantly related species. The technique is initially time consuming and costly, as introns
must be found and then sequenced. Some introns may not be variable enough and may

vary in their location between species.
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2.3. SUMMARY

The methods outlined above give an introduction to some of the various techniques that
are currently available and are of use in population studies. The techniques covered are

not an exhaustive list of the techniques available, rather an overview of the commonly

used approaches.

Each technique has advantages and disadvantages and these will affect the decision of
when and how to apply it. For instance RFLP or RAPD analysis would not be the best
techniques to use for an investigation involving degraded DNA, whereas microsatellites
would be better because of their small size. A crucial factor in the choice of technique is
the aim of the study, especially as many of the methods are costly. For example, it would
be a waste of time and expense to apply a costly technique such as microsatellite analysis
when allozyme electrophoresis is likely to be informative enough. An investigation into
protein polymorphisms is often a sensible initial study for some projects; if allozymes are
unable to resolve enough variation, the appropriate DNA markers can then be used. Not
all markers are able to reveal heterozygosity among individuals. Allozymes, single locus
minisatellites, and microsatellites are the only co-dominant markers, where estimations
can be made of how closely they comply with Hardy-Weinberg expectations, or used in
estimations of parameters such as Fgr (Wright, 1951; Slatkin, 1995). All other nuclear
markers are dominant, i.e. the basis for the presence or absence of DNA fragments is
unknown, and therefore cannot be assumed to have an identical cause for all individuals.
Markers with a very high mutation rate may not be suitable for historical investigations
into genetic structure. For instance, minisatellites and microsatellites both have
extremely high mutation rates, thus are better for investigating more recent population
variation. DNA sequencing may be the most powerful technique for detecting

evolutionary change.

An enormous amount of use has already been made of the techniques available, and a
great deal of information uncovered in the field of entomology. Insects are also of

special importance as they are convenient for laboratory based studies to imitate
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situations in the wild. The number of markers available leaves the way open for research

into many diverse and interesting areas of population biology.
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3.0 THE FIELD COLLECTION OF P. BELLARGUS

3.1. INTRODUCTION

The adonis blue (Polyommatus bellargus) is a local species in the UK. It is listed as a
priority species in “Biodiversity: The UK Steering Group Report” (Department of the
Environment, 1995). The severe decline that the butterfly underwent from 1976 through
1981 caused the number of populations in the UK to drop by over 90% (Emmet & Heath,
1990; Asher et al., 2001) and although the species is making a strong recovery from this,
with many former sites occupied by the species having been re-colonised, the butterfly
still appears to be vulnerable at the edges of its range (Bourn & Warren, 1998). The

sensitivity of this species demands that great care is taken during fieldwork.

In order to found the following generation, a male butterfly must fertilise the eggs
produced by the female. Compared with the input from the female, who has to produce
and carry the egg-load, this demands a relatively low amount of time and effort from the
male, leaving him free to mate with a number of females. However, after fertilization,
the female then has to carry the egg-load until a suitable oviposition site has been located.
Because each female butterfly produces and carries the egg load, she has a much higher
intrinsic value than the male, and thus the removal of one or more female butterflies from
a population before oviposition, may have a significant impact on the following
generation. However, removal of the male butterflies is unlikely to have such far-
reaching consequences, especially if the males are removed after they have mated at least
once or if the population is large enough to sustain such sampling without subsequent
loss of genetic diversity. It was decided, after discussion with David Sheppard of English
Nature, that large populations (total population >200) could withstand the premature
removal of up to 30 males and as a rule of thumb, no more than 10 — 15% of any
population should be sampled during any single generation. In some cases where the
populations were extremely large, this meant that more than 30 males could be removed.
The decision over which populations to include and the samples sizes required was

therefore controlled by two factors: firstly; the level of sampling that each population
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could reasonably sustain; and secondly, the minimum number of specimens that would
result in a sufficiently unbiased and powerful statistical analysis — a suggested minimum
of 40 individuals (Ruzzante, 1998). If sampling from consecutive generations can be
combined (a total of four were available), it was theoretically possible to remove a

minimum of 40 butterflies from all but the most impoverished of populations.

The removal of only male butterflies will mean that the samples obtained are not a truly
accurate representation of the wild populations, this bias must be considered when
deciding which genetic markers to use for the project. Microsatellite loci are unlikely to
have any inherent sex bias, because they are generally autosomally inherited in a
Mendelian fashion, with no dis-equilibrium between the sexes (Jarne & Lagoda, 1996).
The use of microsatellite markers means that in terms of the population genetics, the
samples collected can be of either sex provided the sample size is large enough to
represent the population and enough markers are used (a minimum of five or six
(Ruzzante, 1998)). The other marker that will be used is a region of the mitochondrial
genome. Mitochondrial DNA (mtDNA) shows a different inheritence pattern from
microsatellites, because it is maternally inherited. This means that the mitochondrial
genome carried by any individual, whether male or female, is always inherited from the
female parent, with no mixing or recombination of the parental genes occurring. This
maternal bias should not cause undue problems because the genome present in both male
and female siblings will be identical, therefore collection of male only butterflies will
always represent the diversity present in both sexes. The results of all five microsatellite

markers and the mtDNA region will be evaluated so that any disequilibrium will clearly

show up.

The insects were sampled during the flight period because of the difficulties that would
be involved in trying to locate larval specimens. It is unlikely that by attempting to
collect individuals during the larval stage, large enough sample sizes could be reached.
Other studies, such as that published by Saccheri et al. (1998), have used larval
communities as a source of study specimens, but these investigations have tended to use

species where the larvae are gregarious, and feed in conspicuous groups of 50 — 250.
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Contrastingly, the ecology of P. bellargus not only means that the larvae are not
gregarious, but that the mutualism that occurs with ants means the larvae are often hidden

away in ant nests (Thomas et al. 1983a).

3.2. POPULATION HISTORIES

A great deal is known about the history of many butterfly species in Britain, this is as a
result of organisations such as the Butterfly Conservation Society, who annually compile
data received from a network of keen amateur lepidopterists across the country. Other
conservation driven bodies such as English Nature, Local Authorities and the National
Trust also carefully monitor the species present on their nature reserves. This huge
resource of data provides an enormous amount of information across a broad time scale,

particularly in threatened species such as P. bellargus.

3.2.1. Berkshire

The status of P. bellargus in Berkshire hangs very much in the balance. The county
represents the most northerly range of the butterfly in Britain, and consequently the
species only has a very weak hold in the area. The larger of the two small populations
present, at Goring Gap, (Asher, 1994) is the most northerly population in the UK. This
would have been an ideal site for sampling, because of its positioning at the edge of the
species range, but the numbers supported at the site were considered too small to sustain

the level of sampling required for the study.

3.2.2. Dorset

Dorset is generally considered to be the main stay of P. bellargus in Britain, with records
of at least 80 populations (though this is likely to be an underestimate of the actual figure

—many small populations are unrecorded), the majority of which are in the southern part
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of the county (Bourn & Warren, 1998; Bourn et al., 1999; Pearman et al. 1998; Stewart et
al., 2000). The habitat falls into three distinct geographical areas: (i) The coastline
including the Isle of Portland and the east Purbeck ridge, (i1) The Dorset downs, and (iii)
Cranbourne Chase (Buxton & Connoly, 1973). These areas are not sharply separated,
with the underlying chalk areas forming a rough horseshoe shape, running from the
north-east to the south-west, then back to the south-east of the county. Here the
calcareous rock gives rise to chalk grasslands that are rich and diverse, containing
numerous butterfly food-plants, including H. comosa. This grassland is semi-natural,
having been cleared in Neolithic times and used ever since for agricultural purposes,
particularly grazing. Most records of P. bellargus are concentrated along the southern
calcareous ridges where the butterfly is abundant, forming the only area within Britain
where many neighbouring populations become contiguous, forming what could almost be

classed as a single continuous population.

The coastal area of the county is one of the only areas in Britain where many of the
populations did not undergo a severe decline, although losses were still estimated at 70%
(Asher et al., 2001), with many having consistently remained relatively large throughout
the late 1970’s to the present day. A number of populations were sampled from this area
(see table 3.1); this is likely to give a good indication of the level of heterozygosity and
allelic diversity present in large, stable populations. Other sites from Dorset were chosen
for exactly the reverse reasons; the Isle of Portland was sampled because of its
geographical isolation as a fringe population, and because most of the populations
underwent a severe decline in the late 1970°s (J. Thomas, personal communication).
Maiden Castle, another Dorset site, was chosen because the butterfly has only recently

recolonised the site (J. Thomas, personal communication).

3.2.3. Gloucestershire

All populations of P. bellargus are extinct within this county. Two attempts were made

to re-introduce the butterfly during 1990, but by 1995 both these populations had become
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extinct. In 1995/6 two more attempts were made to introduce the species, but again these
failed (Barker, 1990 & 1991; Meredith, 1992; Joy, 1997; N. Bourn, personal

communication).

3.2.4. Hampshire

Hampshire remains a very poor county for P. bellargus. There is very little suitable
habitat for the butterfly, with the only recorded site adjacent to the Dorset border. This
population is currently very healthy in size and amply able to undergo the levels of
sampling required. It is also an ideal population to include in the study because it

underwent a severe decline in the late 1970’s (J. Thomas, personal communication).

3.2.5. Isle of Wight

The Isle of Wight provides habitat for some of the most southerly populations of P.
bellargus in Britain (Warren, 1987). An extensive ridge of chalk downland spans the
island from east to west, providing numerous south-facing escarpments suitable for the
butterfly. The mild climate of the area also encourages the species to flourish (C. Pope,
personal communication) and one of the largest populations in Britain is located on the
island at Brooke and Compton Down (T. Tutton, personal communication). Other sites at
Ventnor and Mottistone support medium to large sized populations that should be able to
support sampling. The populations from the Isle of Wight are all widely separated from
the mainland distribution of the species, not only by unsuitable habitat, but also via an
expanse of sea. A sedentary species such as P. bellargus is unlikely to attempt such a
journey. This geographical isolation will be an important for the study of spatial

variation.
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3.2.6. Kent

Kent supports all of the most easterly populations of P. bellargus in the UK. There are a
number of populations across the county, though most of these would be too small to
sustain removal of individuals (S. Davis, personal communication). However, there are a
few very large populations, one of which is near Folkestone, at Cheriton Hill (Philip,
1993). This population has rapidly increased since 1993, when the population size was
negligible, to become one of the largest in the UK (N. Johannsen, personal
communication). Another population that was sampled for the project was Wye and
Crundale National Nature Reserve, P. bellargus has rapidly re-colonised this location
over the last few years. Prior to this it had been locally extinct for over 40 years (S.
Davis, personal communication). A population that has been suggested to be extremely
large and stable was also sampled from the area, at Lydden and Tempel Ewell Downs
SSSI. However, in 1999 this population was particularly impoverished of P. bellargus,
whereas in 2000 there was an abundance of specimens. This may indicate the occurrence

of a decline during 1999.

3.2.7. Somerset

The current status of P. bellargus in Somerset is very bleak. An unpublished report from
1973 (Buxton & Connolly) suggested the presence of three widely scattered sites in
Somerset, all of which are on small hill ranges. However, none of these sightings have
been substantiated, and there is no other evidence to suggest the persistence of butterfly
at these locations. The last recorded populations were in the late 1980°s when the
butterfly was re-introduced to two sites. These populations persisted for a few years, but
by 1994 were determined to be extinct (N. Bourn, personal communication; Bourn &

Warren, 1998). Therefore, it is unlikely that P. bellargus persists in the county.
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3.2.8. Surrey

Most of Surrey is unsuitable for P. bellargus, except where the western-most edge of the
North Downs enters Surrey, here there are a few pockets of suitable habitat. There are
six known sites where the butterfly has been recorded, although only one of these has a
population large enough to withstand sampling. This population, at Ranmore Common
(SSSI), is both large and extremely stable (having remained constant through the decline
of the late 1970’s (J. Thomas, personal communication)) and alongside the other five in

Surrey, it 1s spatially isolated from the rest of the UK range.

3.2.9. East and West Sussex

A dominant feature of both East and West Sussex is the South Downs. This undulating
calcareous grassland provides some excellent habitat for P. bellargus. It should be noted
that although the habitat requirements concerning vegetation are commonly met, only
20% of the South Downs have the southerly aspect necessary for the survival of the
butterfly. Nevertheless, the species is far from uncommon across both counties, and it
has been suggested that there may be as many as 40 populations present (Gay & Gay,
1996). The information concerning the histories of these populations is less complete
than for many other regions of the country, with detailed data only being available as far
back as 1989 (J. Gay, personal communication). Populations were therefore chosen

based more on their geographical location rather than demographic history.

The eastern most population in Sussex is beside Eastbourne, at the easterly end of the
South Downs. This population is large enough to sustain sampling, and is the only
suitable habitat towards the south east of England before Folkestone, in Kent, resulting in
over 75km of unsuitable habitat separating the sites. The northern-most range of the
butterfly in the counties is on the northern limits of the South Downs. This region is
represented by samples removed from an extremely large population at Devil’s Dyke,

north of Brighton. Towards the west of the region, the butterfly was sampled from Mill
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Hill, a large population just outside Shoreham. A population has been recorded at this
site since late Victorian times, and has undergone declines not only because of the
drought of 1976, but also due to the removal of butterflies by over-zealous Victorian

butterfly collectors.

3.2.10. Wiltshire

Besides Dorset, the most densely populated region of the UK is Wiltshire, where up to 90
populations of varying size have been recorded (Fuller, 1995). This implies a rather rapid
colonisation of Wiltshire; because the first published record of the butterfly in the county
was not until 1883, even though reasonably extensive species lists existed before this date
(Fuller, 1995). In 1982, when a Butterfly Monitoring Scheme was set up, the only
recorded population in Wiltshire was Bratton Castle. This population is an ideal choice
for sampling because of the historical data available. Declines have been recorded at the
site during 1986, where records suggest a bottleneck of as few as 12 individuals, and
again, though less severe, during 1993. Unfortunately, only a few sites were monitored
this closely, and none of these were large enough to withstand sampling. Other sites that
were sampled from Wiltshire were: a newly created habitat along the A303 road cutting,
Prescombe Down Nature Reserve; Cley Hill - an isolated site that has been colonised post
1981; and Cotley Hill - a large and stable population. These populations should give a
good indication of the status of the butterfly in Wiltshire.

3.2.11. France

The situation in France for P. bellargus is somewhat different from that in the UK. Here
the species is consistently one of the more common species (S. Bryant, personal
communication). The butterfly is not limited to closely grazed downland, and is
commonly found among taller mean sward length grasses (Thomas, 1983a). The eight
specimens were collected by Simon Bryant from a location in Southern France (5°22’E

44°45°N).
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3.3. FIELD COLLECTION

3.3.1.

The 1998 and 1999 Field Seasons

Table 3.1. A summary of the P. bellargus specimens collected from across the UK range

COUNTY LOCATION NUMBER LANDOWNER
COLLECTED HISTORY*
1998 1999
Berkshire - - - - -
BH Blackers Hole 30 21 S National Trust
Dorset (NT)
BD Ballard Down 50 0 S NT
FO Fontmell Down 0 10 B EN
HB Hill Bottom 16 25 U Private
HH Hod Hill 1 0 B NT
MC Maiden Castle 51 9 R English Heritage
HaH | Hambledon Hill 42 0 B English Nature
(EN)
P Portland 25 0 U Local Council
RiH Ridgeway Hill 18 0 U Private
RH Rollington Hill 30 22 U Private
White Horse Hill 36 21 S Private
WHH
Hampshire | MD Martin Down 17 26 B EN
M Mottistone 29 22 U NT
Isle of | V Ventnor 43 0 S NT
Wight Brooke and 0 42 S NT
B Compton Down
FE Folkestone 32 42 B White Cliffs
Kent (Cheriton) Project
LY Lydden 9 40 B Kent Wildlife Trust
WYE | Wye 0 36 R Kent Wildlife Trust
Surrey R Ranmore 29 27 S NT
DD Devil’s Dyke 39 38 U NT
Sussex MH Mill Hill 28 13 B Local
W Willingdon 5 42 U Council
A3 A303 cutting. 7 27 U Council
Wiltshire BC Bratton Castle 16 0 B Private
CH Cotley Hill 27 21 S Private
CL Cley Hill 0 52 R NT
Mi Middleton Down 3 0 U Wilts. Wildlife
Trust
PD Prescombe Down 31 25 S EN
France FR 5°22°E 44°45’'N 0 8 S Unknown

* The letter denotes population history: U = Unknown, S = Stable, B = Bottlenecked, R = re-colonised
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A summary of all the fieldwork carried out is shown above (table 3.1). This includes
brief details of the known population histories. Most populations have a representative
sample size of at least 40 individuals, though in some cases this number is achieved only
by combining specimens collected from different generations. The feasibility of
combining populations will be investigated by statistical analysis of the data for each year
to determine whether any significant changes in allele frequency have occurred between
generations. If no significant difference is found, they will be combined for the analysis

of geographically separated populations.

Plate 3.1. A map of southern England showing the geographic location of all 26 populations sampled

<

3.4. DISCUSSION

To improve the statistical power and reduce the sampling variance of the genetic analysis,
a minimum sample size of around 50 individuals is required (Ruzzante, 1998). In the
majority of cases, this target has been achieved, provided specimens from sequential

generations can be combined.

The sensitivity of P. bellargus to environmental and meteorological change means that
the populations often show large annual fluctuations in numbers. Therefore, when
assessing population size from recently recorded data, it is unavoidable that the actual

population sizes vary from those expected. This means that not only will some
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populations be larger; some will be much smaller than expected. In a few cases this has
resulted in smaller sample sizes than those targeted for the study, with some populations
being abandoned from the project. Sub-optimal sample sizes may still be of use,
provided that the total number of butterflies represents a notable proportion of the
population present. In a few cases, for example the single butterfly collected from Hod
Hill, the sample size is so small that it is unlikely to be possible to make any inferences

about the genetic structure of the population.

It is important when analysing the data, in particular when attempting to elucidate
relationships between genetic diversity and population dynamics, to acknowledge that the
majority of the historical data was compiled and collected by amateur entomologists.
Much of the data concerning population dynamics being anecdotal rather than scientific,

and thus inaccuracies may have occurred.
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4.0 EVIDENCE FOR A RECENT COLONISATION OF THE UK

4.1. INTRODUCTION

Alongside the five microsatellites developed for the study, a second DNA marker was
isolated. This was a polymorphic region of the mitochondrial DNA (mtDNA). As
already discussed in chapter two, mtDNA is a separate entity from the nuclear genomic
DNA and is only found within the mitochondria, the organelles of eukaryotic cells
responsible for respiration, each mitochondrion carrying its own DNA molecule. In
sexually reproducing organisms, the nuclear DNA of an individual is a combination of
the genes from both of its parents, whereas in mitochondria, the DNA is only passed on
maternally via the egg, therefore each individual inherits its mtDNA from an
uninterrupted maternal lineage. This also means that the mtDNA does not undergo
meiosis; therefore the sequence variations accumulated are purely as a result of mutation.
This makes mtDNA an ideal marker for the elucidation of colonisation events and

historical demographic changes in populations.

This chapter details the characterisation of the P. bellargus mitochondrial control region,
and the application of this marker to expound details of the butterfly’s colonisation of
Britain. Historical population data for the species suggests that the butterfly was either
extremely rare or not present in the UK prior to 1775, when the first confirmed record of
the species was made. The collecting of butterflies as a hobby began during the last
quarter of the 17" century, and one of its chief proponents was James Pettiver, “the father
of British entomology” (Emmet & Heath, 1990). He named and described the majority
of the British butterfly species (Pettiver, 1717). Notably he made no description that fits
the adonis blue (P. bellargus) although this species is a conspicuous butterfly and most of
his collecting trips were in the south east, where the species currently occurs. Despite a
period of intense entomological activity, no description of this species appears in any
work on the British fauna (Ray, 1710; Pettiver, 1717; Albin, 1720; Wilkes, 1741-1742;
Wilkes, 1747-1749; Harris, 1775) until 1775 (Harris, 1775). Emmet and Heath (1990)

conclude that P. bellargus “must have been an extremely rare species”.

47



Chapter 4

In the majority of taxa, the mitochondrial genome consists of 2 ribosomal RNA (rRNA)
genes, 22 transfer RNA (tRNA) genes, 13 protein-coding genes, and an origin of
replication (Wolstenholme, 1992). Although many of these mtDNA regions show high
sequence variability there are also particularly conserved genes, for example the two
ribosomal RNA genes (12SrRNA and 16SrRNA), which are highly conserved across all
genomes (Van der Peer ef al., 1993). This is probably because the function of the
ribosomal genes is to produce a single strand of RNA that can be folded up into a
functionally important three-dimensional structure for protein assembly (translation), thus
there are strong constraints on sequence variability (Simon et al., 1994). The other group
of genes that show considerable conservation of their sequences are transfer RNAs
(tRNA); again these are involved in translation, by carrying each amino acid to the
appropriate codon on the messenger RNA (mRNA). Once more, it is the functional
importance of the molecule that causes the constraints on sequence variation
(Wolstenholme & Clary, 1985). However, the mutation rate does vary between species
and different tRNA genes (Pashley & Ke, 1992; Ojala et al., 1992). Many of the protein-
coding regions contain more variation than either of the two classes of RNA genes,
because of the triplet code (codon) used for protein assembly. This degenerate nature of
the coding system allows nucleotide variation in the third base pair position of the codon,
where these less constrained sites have been shown to evolve at a higher rate then their

two counterparts (Nei, 1987).

Mitochondrial DNA has very few spacer or noncoding regions. The most consistently
present spacer region is the control region, known as the “AT-Rich control region” in
invertebrates (Fauron & Wolstenholme, 1980), or the “D-loop” in vertebrates (Upholt &
David, 1977). This is one of the only mtDNA regions that consist of non-coding DNA
and a frequent feature is the presence of short tandemly repeated sequences that may be
involved in replication (Wilkinson et al., 1997, Zhang & Hewitt, 1997). The region has
been designated as the putative origin of replication and transcription for the circular
molecule of mtDNA, by virtue of evidence for this in a small number of species and its
lack of coding structure (Simon et al. 1994; Lunt et al., 1998). Sequence variation can be

high in this region, probably as a result of low selective pressure on the non-coding DNA,
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inefficient DNA repair systems and the AT-rich nature of the control region, leading to
slippage during replication. It is not uncommon to find variable number tandem repeat
regions (mtVNTRs) within or adjacent to this control region; in fact over 150 species

show evidence for the presence of these mtVNTRs (Zhang & Hewitt, 1997; Lunt et al.,
1998).

This assortment of mutation rates among the different regions of the genome lends itself
particularly well to PCR amplification, this is because PCR primers can be designed
within the highly conserved regions surrounding more variable genes, which can be used
to amplify the more variable areas between them. For example, the RNA genes are
distributed relatively evenly around the genome amidst the protein coding genes, forming
1deal sites for primer design. The result of this is that primers can be developed that are
not only conserved within a species, but that are ubiquitous across a broad range of
species and taxa. These are known as “universal primers”. Many of these universal
primers have been developed for mtDNA (for an extensive review of these, see Simon et
al, 1994) and a set of primers is commercially available (J. Hobbs, Nucleic Acid —

Protein service: University of British Columbia).

For the study of population structure and the analysis of recent demographic events, it is
important to choose a region of the genome that is likely to have a high mutation rate.
An obvious choice for this would be the “A+T-rich control” region, where mutation is
rapid and least constrained. Within lepidopteran species, this region has been shown to
be the most rapidly evolving sequence (Taylor et al., 1993), although there does seem to
be some constraint on the length of the region (~350bp) (Taylor ef al., 1993). However,
because of its AT-rich nature, care must be taken when analysing this region because
there are only two nucleotides available for substitution, thus convergent evolution will

be high and difficult to detect (Simon ez al., 1994).

A previous study on Plebejus argus, a butterfly species closely related P. bellargus,
investigated the effects of genetic bottlenecks and habitat fragmentation on the species.

The “A+T-rich control” region was successfully used to identify levels of variation
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present between populations (Brookes et al. 1997). This study applied restriction
fragment length polymorphism (RFLP) analysis to the control region rather than direct
sequencing, finding 19 haplotypes (Brookes et al. 1997). It seems probable that by
applying sequence analysis to P. bellargus, an even higher level of variation could be
uncovered. Therefore the A+T-rich control region seemed to be the most appropriate
region for this project and in order to fully elucidate the variation present, sequencing

analysis was employed.

In most insects, the control region is flanked on one side by a group of three tRNA genes
(methionine (M), glutamine (Q) and isoleucine (I), in that order) and on the other side by
the 12SrRNA gene (see figure 4.1). These conserved RNA genes are ideal for primer
design, and have been used to create universal primers for amplifying the A+T-rich
control region in various insects, including a number of Drosophila and lepidopteran
species (see figure 4.2) (met20: 5’>-TGGGGTATGAACCCAGTAGC; t-Iso - 5°-
ATTTACCCTATCAAGGTAA; 12Sr348: 5>-TAGGGTATCTAATCCTAGTT and Sr-J-
14612: 5°- AGGGTATCTAATCCTAGTTT) (Clary and Wolstenholme, 1987; Taylor ef
al., 1993; Simon et al., 1994). However, in many species (including all vertebrates and
some invertebrates) this group of three tRNA genes (M, Q, and I) has been transposed to
a different site within the genome, so these primers (met20, t-Iso, Sr-J-14612 and
12Sr348) cannot be used to amplify the AT-rich control region or D-loop (Hoffman ef al.,
1992). These genes have also undergone transposition within some lepidopteran species;
here the M-tRNA 1is directly adjacent to the control region. The locations of the I-tRNA
and Q-tRNA are unknown, but may have swapped with M-tRNA within the same cluster
(see figure 4.2) (Taylor et al., 1993). This movement is not exceptional, a number of

other insects have undergone similar re-arrangements of other tRNA genes (Haucke &

Gellissen, 1988).
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Figure 4.1. The configuration of a generalised insect control region and flanking genes. Figure 4.2. The
configuration of the lepidopteran control region and flanking genes, showing the putative locations for the
“I tRNA” and “Q tRNA” genes. Primer binding sites are also shown, see text for appropriate sequences.

Figure 4.1The insect control region:

M| Q| I Control Region 12SrRNA
Figure 4.2. The putative lepidopteran control region: 12Sr348 & Sr-J-14612
I 1Q | M Control Region 12StRNA
>

t-Iso’ Met-20

It is also possible that the I-tRNA and Q-tRNA have transposed to a separate part of the
mitochondrial genome, and are no longer flanking the M-tRNA and A+T-rich control
region (figure 4.2). If this is the case, then amplification attempts with the primer “t-Iso”
will either produce a significantly larger amplicon than expected (>720bp), or no PCR
product at all (although failure of PCR amplification could also indicate a mutational

event in the [-tRNA gene).

This chapter details the examination of which primer combination is most appropriate for
PCR amplification and also the analysis of data obtained by sequencing the control
region. Specimens of P. bellargus were obtained from throughout the UK range (the Isle
of Portland, the Isle of Wight, Kent, South Downs, Sussex, Salisbury Plain, Dorset) plus
eight butterflies from southern France were all sequenced. The French specimens
originated from three populations, all in fairly close proximity to one another, located at
the grid reference 5°22'E 44°45'N. In contrast to the UK, the situation for P. bellargus in
southern France is rather different; here the butterfly is fairly ubiquitous, being one of the
most common species present (S. Bryant, personal communication). This may provide
an insight into the level of variation present in large, stable populations close to the centre
of a species range, compared to marginal populations, whilst also revealing evidence

pertaining to the colonisation of Britain by P. bellargus.
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4.2. MATERIALS AND METHODS

4.2.1. DNA extraction

Salt extraction technique. (after Sunnucks & Hales, 1996; Aljanabi & Martinez, 1997):
Heads from P. bellargus specimens were homogenised using UV-cross linked pellet
mixers in individual eppendorf tubes in the presence of 300ul TEN (250 mM NaCl, 50
mM Tris HCIL, 10 mM EDTA, pH 8.0)/2% SDS and 30ul of 1mg/ml proteinase-K. This
was followed by incubation for 3 hours at 55°C. 100ul of 5SM NaCl was added to each of
the samples, which were then shaken on a vortex prior to centrifugation at 14,000rpm for
10 min. The supernatant was then carefully aspirated and pipetted into clean eppendorf
tubes where the DNA was precipitated using 1ml of absolute ethanol at —20°C. After
precipitation, the ethanol was decanted off and the DNA pellets washed twice in 1ml of
70% ethanol. After both ethanol washes, all the alcohol was removed and the samples

air-dried and re-suspended in 20-40ul of TE.

4.2.2. PCR Screening of Various Universal Primers

The universal PCR primers (t-Iso, Met-20, 12Sr348 and Sr-J-14612) were synthesised
(Genosys, UK) and all four possible combinations of forward and reverse primers were
assessed to determine the most efficient set for PCR amplification of the A+T-rich

control region (see table 4.1).

Table 4.1. The possible combinations ofithe four universal primers (a forward primer must be paired with a
reverse primer).

PRIMER ORIENTATION PRIMER 1 2 3 4

Forward t-Iso X X
Met20 X X

Reverse 1251348 X | X
Sr-J-14612 | X | X

All 25u] PCR reactions contained 50-100ng of template DNA; 2U Tag DNA polymerase
(ABgene, UK); 0.2umoles of each primer; 20mM (NH4)SO4; 75mM Tris-HCI, pH 8.8;
0.01%(v/v) Tween® 20; 1.5mM MgCly; 0.25mM dNTPs (ABgene, UK). The reaction
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was carried out under the following conditions: 1X 94°C, 4 min; 30x 94°C, Imin, 45°C,
Imin, 72°C, 2.5min; 1x 72°C, 7 min. Once completed, the PCRs were assessed for

successful amplification on a 1% agarose gel stained with ethidium bromide.

4.2.3. Sequencing the A+T-rich control region

Once the appropriate primer combination for amplification was identified, the next step
was to sequence the control region. Initially only six P. bellargus individuals were
sequenced to ensure that the PCR was correctly targeting the control region. Once this
had been verified, the region was sequenced from a subset of specimens across the UK
range and also from the group of individuals from France. Initially only six butterflies
from each UK region and all eight from France were sequenced, with the intention of

scaling this up after preliminary analysis of the results.

The sequencing was carried out using DNA that had been gel purified from a PCR
amplification of the region. The PCR amplification was carried out as detailed in section
4.2.2, and visualised on an ethidium bromide stained agarose gel (see figure 4.3). The c.
720bp PCR product was purified by excision of the band from the agarose gel, then
isolating the DNA using a Qiaquick gel purification kit (Qiagen, USA). In order to add
enough of the purified PCR product to a 10ul sequencing reaction, the concentration of
purified DNA was roughly estimated using an ethidium bromide stained agarose gel. The
sequencing reaction was carried out via the manufacturers instructions using Big-Dye
Terminators (PE-Applied Biosystems, USA) and run on 5% denaturing polyacrylamide
gel by vertical electrophoresis at 20-60mA for 2 hours using a Perkin-Elmer ABI 377
automated sequencer. The region was sequenced using both Met20 and 12Sr348, so that

both the forward and reverse sequences were obtained.
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4.2.4, Statistical Analysis

Once the sequences had been obtained, they were subjected to alignments using the
computer programme Clustal-X (Thompson e a/ 1997). This highlighted any sequence
variation between the A+T-rich control regions of the individuals studied. The P.
bellargus control region was compared with other species: Jalmenus evagoras (from
Ebor, Australia) (Lepidoptera: superfamily Papillionoidae: family Lycaenidae; subfamily
Theclinae: tribe Zeziini) (GenBank L16849) and Strymon melinus (from North America)
from the same subfamily (Theclinae: tribe Eumaeini; classification follows Eliot, 1973)
(GenBank L16850). Alignments were also carried out to identify any variation occurring

among P. bellargus individuals.

Basic statistics (for example the number of haplotypes, transition:transversion ratio
(TS:TV), nucleotide composition and mean number of pair-wise differences between
haplotypes (Tajima 1983; Nei 1987)) were calculated using ARLEQUIN (Schneider et
al., 2000). The relationship between populations was also calculated in ARLEQUIN ,
using Tamura’s (1992) genetic distance. This distance measure was considered most
appropriate because of the high A+T content of the sequences, and also on the basis of
the transition:transversion ratio, which was higher than the expected ratio of 1:2 (Tamura,

1992; Oyler-McCance et al., 1999)

A Tree representing the relationship between the haplotypes was constructed in Phylip
3.57¢ (Felsenstein, 1993) using a maximum likelihood method, without the assumption of
a molecular clock. Published control region sequences for J. evagoras and S. melinus
were used in the analysis as outgroups. The data were bootstrapped in the subroutine
SEQBOOT, with 100 iterations, and then 100 distance matrices were created from the
bootstrapped data using the subroutine DNADIST. These matrices were used to create
100 Neighbour Joining trees, using the subroutine NE/IGHBOUR, invoking option J to

randomise the input order. Finally, a maximum likelihood consensus tree was created
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using the subroutine CONSENSE. A minimum spanning network between haplotypes
was also created using MINSPNET (Excoffier, 1993).

4.3. RESULTS

4.3.1. Screening of Various Universal Primers

On screening the four primer groupings (see table 4.1), the combination of Met20 and
12Sr348 gave the clearest and most reproducible results. This combination has also been
found to successfully amplify the A+T-rich control region in a selection of other
lepidopteran species (Taylor et al., 1993: Brookes et al., 1997). When Sr-J-14612 was
combined with Met20, the amplification was also successful, but with reduced
reproducibility and lower yields of PCR product, whilst none of the PCR amplifications

employing t-Iso were successful.

Figure 4.3. An inverted tone image of the PCR amplified mitochondrial A+T-rich control region using
various universal primers (see table 4.1 for details of primer sets 1-4 (Simon et al. 1994, Taylor et al.
1994)). Lane M: 100bp DNA marker. The samples have been run out on a 1% agarose gel, and stained
with Ethidium bromide.

PCR primer set:
1| 2| 3| 4|y
- §720bp

4.3.2. Characterisation of the MtDNA AT-rich Control Region

After optimisation, the AT-rich control region PCR amplified very consistently.
However, when attempts were made to sequence the amplicon, problems were

encountered. The AT-rich nature of the sequence resulted in extremely short sequences,
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in the range of 250-400bp. This was far shorter than would be expected using automated
sequencing methods (circa >700bp). The only way to overcome this was to combine the

forward and reverse sequences for each individual, thus piecing together the entire

sequence.

Figure 4.4. The sequence for the P. bellargus mitochondrial genome, between the Met tRNA and 12SrRNA
genes. The sequences were obtained from individual Ha2, from the population at Hambledon Hill (Dorset).
Obtained by combining both forward and reverse sequences.

CTTTATTTAGCTTATTTTTAAAAAATAATTTTTTATTTTTATTATAAAAATTATTAARAR
TGGGTTTAAGAATATAATTATTTTTACCGTTGATTGGGTTTTTCTTTTATTATTTACCGT
GCACCGTATATATACCATATATATATATATTAAATTTTTAATTAATTATTAATTTTAATA
ATTAATTAATAATTTTATTATATTAARATAAATAATTTATTAATTTAAATTTAATARATT
TAAATATTTTAATATTTAGTATTTAAATTAGAACATTATAGGCTTATCATGAAATATATT
TTTAAATTTAATATTAGAAAATAGAGAGAGAAAGATTATTAATTGTTTAATATTATTATT
AATTTTTACGTAAAAARAAAAAAAAAAAAATTCTATTTAAAATAATTTGCATATAGARARA
AATTTTTATAGTTTTGATATTTTATTTTAAATATAATTTACATATAAATTTTAGTGTTAA
ATTTTATTTATTTTACNCAATAAATAAAATTATTAAGTAGTAATTAACTTTAAATTATTT
AAGAAATTAAGATTTAGTAATTTTGAAATAAATGACTAATTTTGTGCCAGCAGTTGCGGT
TAACAAARAATTTAATTAARATTTTTCCAGTATATAATAAGTAATAATTAATAATTAAATT
AAAAATTAAATTATTAGGTGAAATTTTAATTTAATARAAATTTAAAAATTTGTATGAATT

AR

722bp
Each line is 60bp.

The sequences for the A+T-rich control region have been published for two other
members of the lycaenid family (Lepidoptera) (Taylor ef al, 1993), these are Jalmenus
evagoras and Strymon melinus. In order to substantiate that the sequence obtained from
P. bellargus (figure 4.4) represented the control region, a sequence alignment was carried

out against the J. evagoras and S. melinus sequences (see figure 4.5).

The sequences obtained have an extremely high ratio of A+T to G+C and as such are
likely to represent the A+T-rich control region. From the alignment (figure 4.5) of the
primary sequences against other published sequences for lycaenid butterfly species (J.
evagoras and S. melinus), the homology between them is unmistakable, particularly
within the putative 12SrRNA gene, where the only variations are scattered point
mutations. The homology between the control region sequences relative to P. bellargus
amounts to 67% and 75% for J. evagoras and S. melinus respectively, whereas that for
the 12SrRNA region amounts to 86% relative to P. bellargus (only the J. evagoras

12SrRNA region is available for comparison).
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Figure 4.5. Sequences of the mtDNA of an individual of P. bellargus (P.b.), from Hambledon Hill (Dorset),
between the Met tRNA and 12SrRNA genes, compared with similar sequences for Strymon melinus (S.m.)
(GenBank L16850) and Jalmenus evagoras (J.e.) (GenBank L 16849). A colon (:) indicates identity with J.
evagoras; and a dash (-) indicates a deduced indel. Indels larger than 12bp relative to the Jalmenus
sequence are shown at the bottom of the figure. The Met tRNA, 12SrRNA and control region genes, are
highlighted, plus also a short microsatellite region.

-=— MettRNA Control Region
i =3 o CTTTATTTAGCTTATTTTT TAATTTTTTATTTTTATTATAAAAATTATTAAAAA
J.e :-A:
S.m ::A:
Pibu
J.e
S.m.
P:b
Jd.e
S.m
P.b
J.e
S.m
P.b.
J.e.
B.b.
Jd.e.

1SrRNA ;

P b TATAGAAAAAATTTTTATAGTTTTGATATTTTATTTTAAATATAATTTACATATAAATTT
J.e. z 3o St P Rl T 1 80 o= A i ¢ e g D a Ve s s s BICREE SS
Pyb TAGTGTTAAATTTTATTTATTTTACTCAATAAATAAAATTATTAAGTAGTAATTAACTTT
J.e sitprim it AR s VAR -———— 58} PPTEAT AT s e e i ame e
P:b AAATTATTTAAGAAATTAAGATTTAGTAATTTTGAARATAAATGACTAATTTTGTGCCAGC
J.e pisspIsnmIs e sns st yss AT e Pt ss s tAs s s st s SR I
B.b AGTTGCGGTTA-ACAAAAATTTAATTAAAATTTTTCCAGTATATAATAAGTAATAATTAA
J.e NSt AR TSNS S Ss SE imd s BRre D S Ada s w e RS s s sis nig
P TAATTAAATTAAAAATTAAATTATTAGGTGAAATTTTAATTTAATAAAAATTT-AAAAAT
J.e. —=33A ArcigstesfesiniRinRics s oticstians s vIiTRI A
BB TTGTATGAATTAA
J.e AAT; 2T
Indels:-
N S melinus: GTAAACAAATAAATTAAAAATTTTAATTAAT

A P bellargus : GAATATAATTATTTTTACCGTTGATTGGGTTTTTCTTTTATTATTTACCGTGCACCGTA

Within the P. bellargus sequences, there are three insertions of note, the most extensive
of which is 59bp in length. An insertion is also present within H. melinus at the identical
site relative to the control region; however, it is shorter in length (31bp) and has poor

sequence homology (41%) with the P. bellargus insertion (see base of figure 4.5). This
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insertion does appear to have notable levels of homology (56%) with an adjacent stretch
of the P. bellargus control region, and also with the equivalent stretch of J. evagoras
control region (50%). The other two P. bellargus insertions appear to be multiple

additions of single nucleotide (adenine), perhaps caused by slippage during replication.

4.3.3. Analysis of the P. bellargus control region

After verification that the region being amplified was the control region, the screening for
variation within and between UK and French individuals commenced. By sequencing the
region in both forward and reverse orientations, the entire region was analysed for six UK
and three French specimens and it was determined that, as expected, all of the variation
occurred within the control region, rather than the 12SrRNA gene. For this reason, we

decided to continue by only sequencing the control region using the Met20 primer.

After sequencing a total of 50 individuals from seven distinct geographic regions of the
UK, it was clear that the British populations exhibited remarkably little variation. The
only divergence between the sequences was by one or two indels of a (TA) repeat unit in
the latter part of the short microsatellite ((TA);C(AT)7) within the control region (See
figure 4.6). The addition of a single repeat occurred in three individuals and the addition
of two repeat units was present in a single individual all four were from Dorset. For all
other regions of the UK, there appeared to be a single mtDNA haplotype (represented by

46 sequences) (shown in figure 4.6).

When the sequences from the eight individuals from southern France were aligned, the
level of haplotypic variation was found to be much higher than within the UK (see figure
4.6). Not only was there significant divergence between the UK and France, but in
contrast to the UK specimens, there also appeared to be much higher levels of variation
present among the French individuals. In total, the eight French specimens were

represented by six haplotypes.
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Figure 4.6. Sequences of the Met20 amplified control region of six French and one UK P. bellargus
individuals. A colon (:) indicates identity with the predominant UK haplotype; and a dash (-) indicates a
deduced indel. The haplotypic variation within the UK is indicated at the bottom of the figure.

UK CTTTATTTAGCTTATTTTTARRARATAATTTTTTATTT T TATTATARRAATTATTARARATG
Frl RS R R B R e R R
Fr2 S S R S R R R R
Fr4 HE A I R R R R R R
Fré e e R R R R L A S C R I I I SRR L S I
T
T

Fr3 HE N N R T
Fr5 R N L T S

UK G-TTTRAAGAATATAATTATTTTTACCGTTGATTGGGTTTTTCTTTTATTATTTACCGTGCAC
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Indels:-
¥V Insertion of either TA or TATA here (UK only).

The sequence alignment (figure 4.6) clearly demonstrates the divergence between the
different haplotypes. The French individuals have a number of sequence variations that
separate them from the UK haplotypes. The presence or absence of the TA repeat in the
short VNTR does not appear to be specific to the geographic origin of the haplotype, it is
present in both the Fr’ench and UK butterflies.

Of the 193 base pairs analysed, eight substitutions and 15 indels characterised a total of
nine haplotypes. Six of the substitutions are transitions, and two were transversions,
giving a higher ratio than the 2:1 ratio expected (Tamura, 1992; Oyler-McCance et al.,
1999). As expected with the AT-rich control region, there was an extremely low G+C
content of the sequence data (Clary & Wolstenholme, 1985) and although this varied
slightly between individuals, the nucleotide ratios were on average found to be: A
36.45%; C 5.74%; G 6.63%; T 51.47%. Nucleotide diversity (average number of
nucleotide differences per site between two sequences) was 0.021 (S.D.=0.012, n = 58)

overall, with the French population at 0.026 (S.D. 0.016, n = 8) and the UK values
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ranging from 0.00 (n = 6) (All UK populations except Dorset, n = 43) to 0.01 (S.D.
0.008, n = 7) (Dorset), with the overall mean number of pairwise differences between all
haplotypes being 3.252. The value among the French samples was 7.424, whilst the UK
values ranged from 0.00 (all populations except Dorset) to 0.295 for Dorset. Gene
diversity (the probability that two randomly chosen haplotypes are different) ranged from
0.153 (n = 50) for the UK, to 0.929 (n = §8) for France.

Figure 4.7. An unrooted maximum likelihood consensus tree of control region haplotypes, from UK and
French populations of P. bellargus. Equivalent published sequences for Jalmenus evagoras and Strymon
melinus have been used as outgroups. Tree created using the DNADIST programme in PHYLIP 3.57c.
Figures in italics indicate bootstrap values after 100 replications.
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Figure 4.8. A minimum spanning network (Excoffier, 1993) showing the number of base changes between
haplotypes. Each haplotypes is represented as a circle with its relationship to the haplotypes most closely
related to it (defined by the number of base changes) presented as a line. A dotted line indicates an
alternative relationship. The numbers of base pair differences between haplotypes is only indicated where
values are >1. Shaded circles are French and non-shaded are UK haplotypes.

The maximum number of differences between any pair of haplotypes is 17 (“Fr6”
compared with “UK3”), as shown in the minimum spanning network of haplotypes
(figure 4.8). Within the UK there is only variability at a single site within the region,
characterised by the addition of two or four nucleotides at a short VNTR, probably
representing one or two insertions respectively. The French haplotypes show more
variation, characterised by between one and sixteen nucleotide changes between them,
although the majority appear to be from one to three mutational steps (see figure 4.8).
Most have at least eleven nucleotide differences compared with the predominant UK
haplotype, but a single French haplotype (“Fr2”) is almost identical to the predominant
UK haplotype (“UK1”), with only one nucleotide change separating them (figure 4.8).
The maximum likelihood tree (figure 4.7) shows that all but one (“FR2”) of the French
haplotypes group away from the UK haplotypes (and “Fr2”) very robustly, supported by
100% of the bootstraps.
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Figure 4.9. Tamura’s (1992) genetic distance relationship between the UK and French populations of P.
bellargus, based on the sequence data for the control region. This tree is not rooted and no pattern of
descent can be assumed.
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Tamura’s (1992) genetic distance is used to show differentiation between the geographic
regions (figure 4.9). The unrooted tree shows six of the UK populations grouping
together, since their control regions are genetically identical. The only exception to this
is the population from Dorset, which is separated from the other UK populations by an
extremely short genetic distance (0.148; Tamura’s (1992) genetic distance). This results
from fixation of haplotype “UK1” within all UK populations except Dorset, where there
are two other haplotypes present — although these are only separated from “UK1” by one
or two mutations. In contrast, the individuals from southern France are isolated from all
of the UK groups by a large genetic distance (6.275; Tamura’s (1992) genetic distance).
This is as a result of large differences between most of the French haplotypes compared

with those from the UK.

4.4. DISCUSSION

The sequences obtained from P. bellargus A+T-rich control and 12SrRNA regions
showed distinct similarities to those produced for two other lycaenid butterflies
(Jalmenus evagoras and Strymon melinus) (Taylor et al., 1993). When the sequences

were aligned, the segments representing the control regions for J. evagoras and S.
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melinus showed 67% and 75% homology with the P. bellargus sequence, respectively,
whereas that for the 12SrRNA region was much higher, at 86% (S. melinus sequences
were unavailable). This increased similarity at the 12SrRNA region almost certainly
reflects that fact that this ribosomal gene transcribes to a functionally important three-
dimensional structure, resulting in increased conservation of the nucleotide content.
However, these constraints are not pertinent to the control region, where the nucleotide
sequence 1s not transcribed or translated to any kind of functional secondary molecule,
but rather, it represents the origin of replication for the mitochondrial genome. It has
been noted by Taylor et al. (1993), that the only part of the lepidopteran control region
that appears to have any conservation of primary sequence is within, and adjacent to, the
(TA), VNTR, a short stretch of sequence that also has weak similarities to an equivalent
part of the Drosophila yakuba control region (Taylor et al., 1993). This area shows
considerable sequence conservation relative to other parts of the control region, between
P. bellargus and the other lycaenid species, and also to some extent among the P.
bellargus specimens (see figures 4.5 and 4.6), although some sequence variation does
occur here. This may infer the region has an increased structural or nucleotide sequence

significance, relevant to replication of the mitochondrial genome.

Within the P. bellargus sequences, there are two notable insertions relative to the J.
evagoras sequence, the first of these is a multiple addition of a single nucleotide
(adenine); the second is the insertion of ~60bp adjacent to the VNTR region.

Remarkably, an insertion is also present within S. melinus, at an identical site relative to
the aligned control region sequence. However, the two insertions have no obvious
sequence homology (41%), suggesting either extremely low constraints on mutation, or
that there have been two separate insertion events at the same site, during the evolution of
these two lycaenid species. The P. bellargus insertion does have sequence homology to
~60bp of adjacent control region sequence, possibly indicating that at some point this
section of the control region has undergone duplication, resulting in an adjacent stretch of
inserted sequence with low mutational constraints. However, it must be remembered that
the A+T-rich nature of the control region, means that unrelated sequences would be

expected to have homologies of around 50%, thus the homology of the insert is not much
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higher than would be expected by chance. It is also worth noting that because of these
insertions, the control region of P. bellargus is approximately 80bp longer than that of J.
evagoras, this contradicts the suggestion by Taylor er al. (1993) that the lepidopteran

control region is very conserved in length at ~350bp.

Very little indication was obtained regarding the putative locations of either the
glutamine (Q) or isoleucine (I) tRNA genes. In accordance with other lycaenid control
regions, the sequence data did not indicate their presence between the start of the
methionine (M) tRNA and the control region, as found in Drosophila yakuba and
Drosophila virilis (Clary and Wolstenholme, 1985). When attempts were made to
amplify the control region using a primer based on the [-tRNA sequence (t-is0), all
amplification attempts failed. This indicates that either the I-tRNA gene may have been
transposed to a separate part of the genome or that mutations have occurred within the

primer binding sequence for “t-iso”.

The lack of haplotype diversity and polymorphism within the UK populations of P.
bellargus is a dramatic departure from expectation based on the results of similar surveys
in many other taxa. For example, mtDNA studies of vertebrates (e.g. Avise, 1986;
Moritz et al., 1987) and a number of invertebrates generally reflect a much higher degree
of differentiation at the population level than those observed within P. bellargus. Bark
weevils (Pissodes species) (Smith and Brown, 1990), the silver studded blue butterfly
(Plejebus argus) (Brookes et al., 1997) and the marsh fritillary (Euphydryas aurinia)
(Joyce and Pullin, 2001) all show substantial polymorphism within and among regional
populations. Not only this, but the region sequenced for this study, the A+T-rich
mitochondrial control region, is generally considered to be hypervariable in insects
(Zhang & Hewitt, 1997), including lycaenid butterflies (Taylor et al., 1993; Brookes et
al., 1997). For example, Brookes ef al. (1997) used RFLP analysis of the control region
to investigate metapopulation variation in the silver studded blue butterfly (Plebejus
argus), and in sharp contrast to the three haplotypes found for the entire UK population

of P. bellargus, they found 19 haplotypes in just a small area of north Wales.
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However, the survey of P. bellargus in southern France revealed much higher levels of
mitochondrial diversity. In contrast to the UK, where 50 individuals displayed three
haplotypes, varying by just one or two VNTR insertions, the eight individuals from
France were represented by six haplotypes, varying by up to 17 nucleotide differences.
The gene diversity values for the two regions are correspondingly disparate, with the UK
and France represented by values of 0.153 and 0.929 respectively. This variation was
only found within the initial 193bp of control region, the remaining 529bp of the
amplicon was found to be monomorphic among all 58 P. bellargus individuals that were
sequenced. Within this 193bp, there are two insertions specific to P. bellargus, relative
to other lycaenid species (as compared with S. melinus and Jalmenus spp.). Of the 17
sequence variations found among the P. bellargus specimens, seven are found within
these inserted sequences, areas which might be expected to have higher rates of mutation

than those displaying homology with the J. evagoras sequence.

Another four polymorphic sites found in P. bellargus are associated with the (TA),
VNTR. It has already been discussed that the latter regions of this VNTR, and the
adjacent downstream sequences, appear to be somewhat conserved among invertebrate
taxa (Taylor et al., 1993). However, the number of (TA) repeat units present in the
VNTR is variable among lycaenid and other invertebrate species (Taylor et al., 1993),
possibly indicating that there is lower conservation of the initial stretches of the VNTR or
that nucleotide content is more important than repeat number. The two substitutions of
cytosine for thymine within the VNTR of P. bellargus are somewhat unexpected, no such
variation has been observed within or between any of the few published lycaenid
sequences (Taylor et al., 1993), only the Drosophila control region VNTR exhibits
similar variation (Clary & Wolstenholme, 1985). However, these two substitutions were
never found to occur simultaneously in any of the nine haplotypes found (see figure 4.6),
perhaps suggesting a single substitution event that has subsequently undergone
rearrangement within the control region of some individuals. The VNTR sequence
between the two substitution sites would be unaffected by a reversal of this short region.
Most of the French haplotypes exhibited the presence of the cytosine towards the end of
the VNTR, whereas all of the UK haplotypes had a cytosine in the middle of the VNTR.
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The analysis of the UK and French haplotype variation appears to reveal a separation of
the UK haplotypes from the majority of those from France, as demonstrated by the
maximum likelihood and minimum spanning network trees (figures 4.7 and 4.8). For the
maximum likelihood tree, 100% of the bootstraps separated the two groups. The only
exception to this was haplotype “Fr2”, which groups strongly into the UK haplotypes.
The high bootstrap values (70% to 100%) among the UK haplotypes (and “Fr2”) are
indicative of the easily resolved relationships among the haplotypes and the small amount
of sequence divergence between them. Contrastingly, the values for the French
haplotypes (except “Fr2”) are all poorly supported (below 50%), indicating the
relationships among the haplotypes can only be weakly resolved. The minimum
spanning network tree also shows similar haplotype groupings and reveals a putative
pattern of descent for the UK haplotypes: with “UK2” and “UK3” both stemming from
“UK1”, via the sequential insertion of (TA) repeats (or indeed a single insertion of a
(TA); repeat in “UK3”). With the exception of “Fr2”, a minimum of 11 base pair
differences can be found between any two UK and French sequences, a large amount of
divergence that may result from the limited sampling effort for the French specimens.
When it is considered that six haplotypes were obtained from just eight specimens, it is
likely that with more comprehensive screening, additional haplotypes would be
identified, a proportion of which would probably bridge this 11bp difference. The
similarity between “Fr2” and the UK haplotypes also tends to support this conjecture.
This means that instead of the phylograms representing two divergent groups of
haplotypes, they may correspond to the presence of numerous diverse haplotypes in
France as opposed to a small number of closely related haplotypes in the UK. The
distinct similarities between “UK1” and “Fr2” suggest that the UK haplotypes may have
a recent origin via a rapid colonisation event from France. It has been proposed that in
fast colonising events, pioneers rapidly expand to fill new areas, and that the genes of
these individuals will subsequently dominate the new population genome (Hewitt, 1999).
Thus, the inference of a rapid colonisation of P. bellargus in the UK is supported by the

evident lack of variation, relative to that present in France.
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The maternal inheritance pattern of the mitochondrial genome provides a powerful
indicator of colonisation events (Moritz, 1991; Harrison, 1989), and additionally can be
used to estimate the numbers of individuals mediating them. In this investigation, where
it has been shown that all of the observed UK haplotypes stem from a single predominant
version, and that this is closely related to one found in France, where widespread
variation is present, the only plausible explanation is that the colonisation of the UK by
P. bellargus was mediated by one or a few female butterflies. Furthermore, the high
level of sequence variation observed in the control region tends to indicate that this
colonisation 1s a recent event, because variation would have accrued among the UK

haplotypes by mutation over longer time periods.

The only alternative theory is that a range wide bottleneck reduced the UK variability to
just a few closely related haplotypes. This is extremely improbable, because the entire
UK population would need to have been reduced to one or a few females (and an
unknown number of males) in order to display the variation found. The more probable
outcome of this scenario would be the extinction of most UK populations, whilst a few
butterflies survived in core areas, resulting in fixation of different haplotypes in separate
geographic regions. However, in the majority of cases the UK populations are
genetically identical to one another (figure 4.9). The only exception to this is Dorset,
where two other haplotypes (“UK2” and “UK3”) persist, probably encouraged by the fact
that these populations have been observed to be far less prone to declines, events that

would tend to remove rare and novel alleles arising from mutation.

If this genetic evidence for a recent UK founder event is combined with the historical
population data for P. bellargus, the evidence for a recent colonisation becomes even
more convincing. The failure of entomologists to describe P. bellargus anywhere in the
UK until 1775 (Harris, 1775; Emmet and Heath, 1990), despite the publication of
numerous natural history guides to insects and butterflies between 1710 and 1775 (Ray,
1710; Pettiver, 1717; Albin, 1720; Wilkes, 1741-1742; Wilkes, 1747-1749; Harris, 1775),
indicates that P. bellargus must have either been extremely rare before this date, or was

not present in the UK. The latter explanation would infer that the colonisation of the UK
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