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Ode to Ephippiger

Ephippiger ephippiger, though French, it is a true Bushcricket.
They're found upon a roundabout or in the most dense thicket.

They might be brown they might be green they might be big or small.
Though in the place you want them most they're never there at all.

The male he sings upon a stalk with chirps, one or many
and hopes to pull a nice female before he's found by me.

Despite his chirps, crypsis and wiggles and vomiting most free
we'll grasp yon male and take his bites for the sake of Biology.

We take a leg, we cage a few and take them overseas.
For Mike's lab stocks but most of all for Leon's Ph.D.

So this is the tale ofEphippiger it comes in subspecies three.
There's cunii and cruciger and vitium you see.

Or maybe not, it just depends upon whom you believe.
Fiebig, Duijm, Monsieur Oudman or even Mike Ritchie.

So while there is a lot that's known, though not said poeticly.
There's plenty left to be found out - a most fruitful enquiry.

Stuart F. Nicolson (1998)

Figure 1. Female Ephippiger ephippiger (cruciger form, Harz 1969). Note the cross on
the pronotum which is characteristic of this form.
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Abstract

Microsatellite markers were developed to study genetic variation within Ephippiger

ephippiger populations. Following enrichment for CA repeats, 6 highly polymorphic
microsatellites were developed. The conservation of microsatellite loci in the

Ephippigerinae was investigated and results indicate that microsatellite loci are highly
conserved.

This study shows that subdivision ofE. ephippiger in southern France is extensive
and that populations are highly inbred. Indirect estimates and direct evidence suggest that
this subdivision is caused by E. ephippiger's inability to disperse, as well as geographic and

anthropogenic barriers to dispersal. Vicariance events such as the Pleistocene glaciations
will also have contributed to high genetic subdivision between populations and population
botdenecks followed by founder events, are likely to have caused the high level of

inbreeding.
This study also investigated the effects of maternal age on the egg diapause in E.

ephippiger. Results indicate that even in the absence of variable abiotic cues, E. ephippiger
increase the proportion of eggs that enter diapause as they age. This is explained as an

adaptive "Bet Hedging" strategy.

This study uses microsatellites to investigate the temporal population genetics ofE.

ephippiger. Results indicate that temporal samples (between years) are more genetically

heterogeneous than contemporaiy spatially close populations. This result is consistent with
E. ephippiger having an obligate plurennial life cycle. However, alternative hypotheses to

explain this result are discussed.
Studies of some tettigonid species indicate that as well as protecting the ejaculate,

the consumption of spermatophylaces benefits females through increased fecundity.

However, other studies maintain that the spermatophylax is a sham gift since it is of little
nutritional value to the female. Results suggest that the spermatophore in E. ephippiger is
also a sham and is therefore likely to constitute mating effort rather than paternal investment.



General introduction

General Introduction

In order to understand the history and evolution of populations it is necessary to

study a large number of polymorphisms (Cavalli-Sforza 1998). Variable number

tandem repeats (VNTRs: microsatellites or minisatellites) are increasingly replacing,

or at least complementing, traditional markers such as allozymes for numerous

applications in molecular systematics, population genetics and ecology (Estoup and

Angers 1998). There are several reasons for this but a major factor is that they are

highly polymorphic and they can be amplified by the polymerase chain reaction.

The fact that microsatellites can be amplified by PCR allows non invasive (non-

lethal) DNA sample collection, thus animals do not have to be sacrificed. The high

polymorphism of microsatellites offers a higher resolution of the levels of

population subdivision and phylogeography than has been available in the past with

less polymorphic markers. The use of microsatellites to complement existing

studies using other molecular markers is becoming popular because confidence in

evolutionary hypotheses is increased if results are reproducible with different sets of

markers (Cavalli-Sforza 1998). A main goal in this thesis was to develop a set of

polymorphic microsatellites to study the population genetics of E. ephippiger from

southern French populations and to compare the pattern of genetic variation with

previous studies using morphological, behavioural and molecular markers.

The distribution of genetic variability of species within Europe has been influenced

to a large extent by the quaternary cold periods (Hewitt 1996, Taberlet et al. 1998).

l



General introduction

It has been suggested that the distribution and variation in E.ephippiger is related to

differentiation in refugia during recent ice ages (Ritchie et al. 1997), with

subsequent dispersal, drift and selection producing the observed variation. This

thesis also attempts to explain the distribution of genetic variability of microsatellite

markers of E. ephippiger populations in the context of historical vicariance events,

and considering the life history of the species.

The variation in E. ephippiger, particularly in morphology, has caused considerable

confusion over the classification of various morphotypes within this species. Debate

has focused on whether E. ephippiger is a single species with many local forms

(Voisin 1979) or whether these forms represent species or subspecies (Harz 1969) in

their own right. Hierarchical analyses of the variance in allele frequencies and

population phylograms are used to address the distinctness of the three forms of

western European E. ephippiger (cunii, cruciger and vitium, Harz 1969).

The life cycle of E. ephippiger involves both an initial facultative and second

obligate diapause (Hartley 1990). Diapause is the term used to describe an arrest in

the development of insects as adults, embryos or eggs (Wheeler 1893). A life cycle

involving egg diapause is thought to be adaptive since developmental stages are

extended in order to avoid temporally variable adverse environmental conditions.

Previous work (Danks 1987, Mousseau and Dingle 1991) suggests that egg diapause

is controlled largely by abiotic factors such as photoperiod and temperature acting

upon the female or on the eggs. This is therefore an example of phenotypic

2



General introduction

plasticity. However, the influence of maternal age or egg laying order on the

production of diapause eggs in the absence of variable environmental cues has not

been studied in detail. Chapter 3 investigates potential adaptive maternal effects on

the production of diapause eggs in E. ephippiger.

E. ephippiger exhibits a plurennial life cycle (Ingrisch 1986a-c). A plurennial life

cycle is the ability to spread ontogenesis over several years. E. ephippiger and many

other tettigonids are able to achieve this because they exhibit egg diapause.

Laboratory studies on E. ephippiger indicate that it is capable of completing its life

cycle within a year. However, experiments under natural conditions indicate that

they have at least a 2 year life cycle (biennial) (Dumortier 1967, Ingrisch 1985). In

this thesis I investigate whether individuals collected from the Pyrenees Orientales,

France, are capable of completing their life cycle within 1 year. This is achieved by

comparing microsatellite variability between seasons (at the same location).

The mating system of E. ephippiger and many other tettigonids is characterised by

the transfer of a large nuptial gift to the female, which she consumes while she is

being inseminated. Evidence suggests (Busnel and Dumortier 1956, Wedell 1993a,

Vahed and Gilbert 1996) that the spermatophore in E. ephippiger is one of the

largest among tettigonids, representing up to 40% of the male's body weight. Some

studies indicate that the spermatophore is a sham gift since it is of low nutritional

value, and has no benefits to the female in terms of fecundity increase. They are

therefore considered to represent mating effort rather than paternal effort. However,
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other studies indicate that in some species, as well as protecting the ejaculate, the

spermatophores represent paternal investment, because spermatophylax

consumption increases female fecundity. In the present study I aimed to investigate

whether the consumption of the large spermatophore by female E. ephippiger has

any direct benefits to her through increased fecundity.

4
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Chapter la

Isolation and characterisation of microsatellite loci in the tettigoniid

bushcricket Ephippiger ephippiger.

1.1 Abstract

Microsatellites are codominant molecular sequences which are commonly used as neutral
nuclear DNA markers in population genetic and molecular ecological studies. The aims
of this study were to develop microsatellite markers to study genetic variation within E.

ephippiger populations. Following enrichment for microsatellites, 51 positive clones
were obtained after screening approximately 8000 bacterial colonies. Of these clones, 16
inserts had flanking regions suitable for PC'R primer design. From these 16 primers,
scoreable and polymorphic microsatellite loci were obtained for 6 primer pairs. The
mean number of alleles at these loci was 4.6 and the mean observed heterozygosity was

0.52. The advantages and disadvantages of microsatellite use in population genetic and

phylogenetic analyses are discussed.

1.2 Introduction

1.2.1 Microsatellites.

Microsatellites are codominant molecular markers that are usually inherited in a

Mendelian fashion. They are commonly used for population genetic studies

(Becher and Griffiths 1998, Goostray et al. 1998, Broders et al. 1999),

hybridisation studies (Gottelli et al. 1994, Roy et al. 1994), linkage mapping

(Weissenbach 1992), relatedness (Queller and Goodnight 1989) and have also

been used for phylogenetics (Bowcock et al.1994) (see Luikart and England

1999, for a review on the statistical analysis of microsatellite data).

Microsatellites consist of tandem repeats of sequence units, each generally less

than five base pairs in length, such as (TG)n or (AAT)n (Bruford ana Wayne

5
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1993). Microsatellites usually have between 10 and 100 repeat units (Bruford

and Wayne 1993). Microsatellites can be categorised as perfect (uninterrupted

repeat units), imperfect (interrupted repeat units) and compound (neighbouring

repeat arrays) (Weber 1990). Microsatellites are abundant and evenly spaced

throughout the genome; for example, it has been estimated that there is a

microsatellite every 6kb in the human genome (Beckman and Weber 1992).

A major advantage of microsatellites over other forms of genetic marker such as

allozymes (enzyme electromorphs) is that they are highly polymorphic.

According to Edwards et al. (1991) approximately 50% of microsatellites

screened are polymorphic. The driving force behind this polymorphism is their

high mutation rate which is estimated to be between 10~3 and 10° mutations per

gamete (Edwards et al. 1991, Bowcock et al. 1994 and Forbes et al. 1995).

Microsatellites are believed to be noncoding and selectively neutral, and it is

because of this that they are able to mutate to large sizes without constraint from

selective pressures. However, they are thought to have upper size limits (Valdes

et al. 1993; Bowcock et al. 1994, see below). The selective neutrality coupled

with high polymorphism makes them ideal for the study of relatedness both

between populations and individuals. Selective neutrality also makes

microsatellites compatible with the assumptions of most population genetic

theory.

1.2.2 Microsatellites and their application to population genetics and phylogeny

construction.

6



Chapter la

The high mutation rate of microsatellites has allowed them to be used to create

high resolution phytogenies of populations within a single species (e.g. Homo

sapiens: Bowcock et al. 1994, Machhugh et al. 1994, Deka et al. 1995, Estoup et

al. 1995 Goldstein et al. 1995, Pepin et al. 1995). However, there have been a

number of concerns regarding the use of microsatellites for estimating

population parameters and for the construction of phylogenies. The

disadvantage is that the mechanisms of mutation in microsatellites are poorly

understood. The mutation process of the different classes of microsatellites such

as mono, di, tri tetranucleotides and interrupted microsatellites may be different.

For example, imperfect repeats have been shown to have lower mutation rates

than perfect repeats (Chung et al. 1993, Pepin et al. 1995). This difference

complicates the analysis and interpretation of microsatellite data because it

makes combining loci of differing repeat types less likely to conform to any

particular model of evolution. The estimation of population genetic parameters

is dependent on the model of mutation assumed for any given class of molecular

marker. Sensitivity to a mutation mechanism increases with the mutation rate

(Estoup and Cornuet 1998). Thus, the high mutation rate of microsatellites

makes them very sensitive to the model used.

Most models currently in use to assess population structure and calculate genetic

distances were developed for the interpretation of allozyme data. The

mechanism of mutation in these is presumed to give rise to a new allele each

time a mutation occurs by a stepwise mutation process (Ohta & Kimura 1973).

Allozymes therefore are assumed to have an effectively infinite number of

alleles. This model of mutation is referred to as the infinite allele model (IAM).

7
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The mutation in microsatellites has also been attributed to a stepwise mutation

model (SMM), where a single mutation event is thought to give rise either to the

loss or gain of a repeat unit. This is thought to be achieved by unequal crossing

over at meiosis or strand slippage replication (Levinson & Gutman 1987).

However, strand slippage is likely to be the most common mode of mutation

(Wolff etal. 1989).

Although the model of mutation in microsatellites and allozymes is thought to be

the SMM, it is unlikely that microsatellites conform to the infinite allele model.

This is because the size of repeat arrays in microsatellites are thought to have

maximum upper limits (Valdes et al. 1993 and Bowcock et al. 1994). The

assumed linearity of distance measures based on microsatellites will therefore

lead to increasing homoplasy as the number of generations separating lineages

increases. For this reason microsatellites should only be used for groups of

organisms that have only recently diverged (Goldstein et al. 1995).

Microsatellites may also have a bias in mutation rates with large repeat arrays

mutating at a faster rate than smaller repeats (Weber 1990, Hudson et al. 1992,

but see Valdes et al. 1993). Sequences with varying base compositions also

differ in their mutation rate (Schlotterer & Tautz 1992, Chakraborty et al. 1997).

To try to overcome some of these problems, Garza et al. (1995) proposed a

model ofmicrosatellite evolution that incorporates bias in the mutation process,

where small alleles tend to mutate upward and large alleles tend to mutate

downward. However, this model has limitations in that it is difficult to estimate

8
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a parameter governing the degree of mutational asymmetry (Feldman et al.

1997).

Simulation studies can be used to assess if observed allele frequencies conform

to those expected under different models of mutation. In a study of 108 human

microsatellite loci, Valdes et al. (1993) compared the observed and the expected

allele frequencies under the SMM and the IAM and concluded that the SMM

was the best fit to the data. In another study Shriver et al. (1993) conducted a

similar simulation using different classes of repeats and found that, while larger

repeat arrays seemed to conform to the SMM, l-2bp repeat microsatellites

yielded results similar to the expectations of the IAM. This conclusion was

rejected by Di Rienzo et al. (1994) who used coalescence theory to model a two

phase mutation model (TPM). This model incorporates the SMM but allows for

mutations of larger magnitude to occur. They concluded that 8 out of 10 loci in

their study conformed to the TPM, they therefore rejected the IAM.

1.2.3 Null alleles.

Null alleles are alleles that are unable to be amplified by PCR due to point

mutations in the flanking regions of the microsatellite repeat motif (Bruford and

Wayne 1993). If these point mutations fall within the PCR priming site of the

microsatellite they give rise to non-amplification. Clues to the presence of null

alleles within a sample population may come from the observation of

homozygote excess or the complete non-amplification of a locus in one or more

samples. Complete non-amplification may be due to an individual being
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homozygous for the null allele, while homozygote excess in a sample population

could result from the presence of a null allele at high frequency. The presence of

null alleles at microsatellite loci may lead to false conclusions in studies on

parentage and population genetics and researchers should be vigilant with

regards to them. False conclusions could include in the mis-assignment of

parentage, or homozygote excess due to population subdivision or inbreeding.

The presence of null alleles at a locus can be detected by conducting breeding

experiments to check for Mendelian inheritance. However, this is time

consuming and few studies other than those concerned directly with parentage

analysis include these type of experiments. The presence of null alleles can also

be inferred if one particular locus shows inconsistent patterns compared with

other loci used in the study (Becher and Griffiths 1998, Treuren 1998). In the

absence of breeding experiments, the best course of action is to look for

inconsistencies in microsatellite patterns across loci. This will usually provide

the information that is required to omit loci from analysis, if null alleles at a

locus are suspected. For example, if a locus shows homozygote excess and this

is not consistent with the patterns observed at other loci, it may indicate that null

alleles are present. This observation may then provide ground for omitting this

locus from analysis.

1.3 Aims.

The aim of this study is to develop a set of microsatellites to investigate the

population genetics ofEphippiger ephippiger at a micro- and macro-geographic

scale.
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1.4 Methods: The construction of a genomic library enriched for di-

nucleotide repeats (CA)n

This protocol is adapted from one involving plasmid cloning procedures

developed by Olivier Hanotte et al. (Department ofZoology, University of

Leicester), microsatellite amplification and screening procedures refined by

Mike Bruford et al. (Institute ofZoology, Regents Park, London) and an

enrichment process using biotinylated oligos developed by Rob Hammond, Ilik

Saccheri and Emma Taylor (Institute ofZoology) (see Armour et al. 1994). The

original protocol from which this is adapted was prepared by Trevor Coote

(1996). The above methods are combined into a protocol by Hammond et al.

(1998).

1.4.1 DNA extraction.

DNA was extracted from hind femur muscle tissue following the animal tissue

protocol of the Puregene DNA isolation kit (Gentra systems Inc.). Successful

amplification was also obtained using DNA extracted from 30 pi of haemolymph

removed with a capillary tube after puncturing the abdomen. DNA was then

extracted using the cultured cell and body tissue protocol in the Puregene DNA

isolation kit. DNA was also extracted from developing eggs (~3 months old,

catatrepsis-3 quarter embryo stage, Warne 1972). Eggs were crushed in a

microtube, from then on they were treated as above (see animal tissue protocol).

11
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1.4.2 Genomic DNA digest and size selection.

Approximately 30 jag of genomic DNA from 20 different individuals from

Montpellier (Herault France) was digested overnight at 37°c with Mbol

(Promega) according to manufacturers instructions. This digest was then run on

a 1.5% agarose checking gel (Sambrook et al. 1989) along with 123bp ladder

(Pharmacia Biotech) to ensure complete digestion. The entire digest was run on

a large 1.5% LMP agarose gel along with 123 bp ladder and the digested DNA

was size selected between the 3fd and 6^ band (369bp-738bp).

The slice of gel containing the DNA was weighed and 3 times the volume of

STE (0.1 M NaCl, 10 mM pH 8.0, 1 mM EDTA pH 8.0) was added. The slice

of gel was melted at 68°C for 15 minutes. An equal volume of phenol was then

added and the sample was vortexed, and then spun at 13,000 rpm for 5 minutes.

The supernatant was carefully removed using a micropipette. An equal volume

of phenol/chloroform was added to the supernatant and the above steps repeated.

The DNA was concentrated using Centricon-100 concentrators (Amicon). The

supernatant containing the DNA was added to the sample holder and spun on a

centrifuge for 20 minutes at 6000 g in a JA.20 fixed angle rotor (Beckman). The

filtrate was discarded and the filter inverted into the collection tube and was re-

spun for 7 minutes at 1000 xg.

12
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1.4.3 Ligation of linker sequences.

Two pi of the retentate was run on a gel with concentration standards and a

123bp ladder to assess DNA concentration and size. Linkers (SAULA/SAULB,

Royle et al. 1992, Armour et al. 1994) were then ligated to the size selected DNA

using T4 DNA ligase (Pharmacia Biotech) according to the manufacturer's

instructions.

1.4.4 Preparation of linkers and linker ligation.

The linkers were made by annealing equimolar amounts of SAULA (5-GCG-

GTA-CCC-GGG-AAG-CTT-GG-3') primer with SAULB (5'-GAT-CCC-AAG-

CTT-CCC-GGG-TAC-CGC-3') in 50 mM NaCl at 60°C for 30 minutes. These

linkers have an overhang which is complementary with the Mbol cut site.

Approximately 2 pg of annealed linker sequence was ligated to approximately

200 ng of the size selected DNA, using T4 DNA ligase (Pharmacia Biotech)

according to the manufacturer's instructions.

1.4.5 First PCR.

Since only one strand of the SAULA/SAULB is covalently bound to the genomic

fragment, the unbound strand is attached just by complementary binding. The

initial extension step of the PCR was used so that the Taq could heal the nick

between the genomic DNA and the linker sequence.

13
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A 25 pi PCR was set up. The amplification reaction contained: 2.5 pi 10X (10 x

the final working concentration) KC1 buffer (Bioline), 17.2 pi MQH2O (ultra

pure water), 1.0 pi SAULA primer (25 pm/pl), 2.0 pi dNTPs (1.0 mM), 0.3 pi

Taq (1.5 units), and 2.0 pi ligation mix. The amplification program was: 72°C

for 5 minutes, then 35 cycles ofdenaturation at 95°C for 1 minute, 67°C for 1

minute and primer extension at 72°C for 2 minutes. A final extension was

carried out at 72°C for 5 minutes. Amplification was checked by running 2 pi of

the PCR product on a 2% agarose gel with some non-PCR ligation at the same

dilution as the PCR (2 pi in 25 pi).

1.4.6 First round capture: Hybridisation of amplified genomic digest with

biotinylated target molecule.

ddNTPs were added to the 3' end of the target oligomers with TDT (Pharmacia

Biotech). For every 2 pmol of probe used, 0.1 mM ddNTP was used. Forty units

of TDT was added and incubated at 37°C for 1-2 hours. The reaction was

stopped by adding one tenth (1/10) volume 0.5 M EDTA. The combination of

buffer and ddNTP is believed to affect the optimal efficiency of this reaction. If

the enzyme buffer contained cobalt, ddCTP or ddTTP were used. If it contained

maganese ddATP or ddGTP were used.

The whole PCR product was denatured by boiling for 2 minutes in a screw-top

1.5 ml tube and immediately placed on ice. Five pg of biotinylated

22

(CA) (Gibco BRL) target oligomer was added and made up to 500 pi with 0.5

14
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M sodium phosphate pH 7.4 / 0.5% SDS. This was hybridised overnight in a

Hybaid mini hybridisation oven at 50°C.

1.4.7 Capture of target molecule genomic DNA hybrids.

Fifty mg of Vectrex-avidin was weighed and added to a 15 ml screw-capped

tube. Five ml ofBuffer A (150 mM NaCl /100 mM Tris pH 7.5 ) was added to

the Vectrex-avidin and it was re-hydrated for 30 mins on a rotator at room

temperature. The Vectrex-avidin was pelleted in a 15 ml tube at 3000 rpm for 2

mins and the supernatant discarded. The hybridisation solution was added to the

washed and pelleted Vectrex-avidin and made up to 10 ml with buffer A. This

was gently mixed on an orbital shaker for 30-40 mins to allow biotinylated

probe/genomic DNA hybrids to be removed from solution by the Vectrex-avidin

D. The hybridisation solution containing the Vectrex-avidin was spun again at

3000 rpm for 2 mins and the supernatant carefully poured off.

The Vectrex-avidin was washed and centrifuged twice more with 10ml of buffer

A at room temperature. After each wash the Vectrex-avidin was resuspended by

gentle hand mixing. Following this, the Vectrex-avidin was washed with 4 ml of

0. IX Buffer A for 30 mins at 55°, centrifuged (as above) and the supernatant was

discarded. The Vectrex-avidin was washed with double distilled water (ddH,0)

for 30 mins at 65°C, centrifuged and the supernatant was retained. All the

washes were done in a hybridisation oven under gentle agitation.
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1.4.8 Concentration of wash using Centricon-100 spin columns.

Two ml of the retained final wash was added to the sample holder of the

Centricon-100. The sample was spun with a JA.20 fixed angle rotor at 6000 g

for 20 min. The filtrate was discarded and the remaining 2 ml of the final wash

was added to the sample holder and spun as above. The filter was inverted into

the collection tube and re-spun for 7 min at 1000 rpm to collect the retentate.

1.4.9 Second PCR.

A PCR was conducted using the same conditions and primer as before (1st PCR)

except the initial extension step was changed into a denaturation step for 2 mins

at 95°C. Two pi of concentrated sample was used as a template in each reaction

(4 x 25 pi). The PCR product was pooled and visualised on 2% agarose

checking gel against the 123bp ladder to make sure that it was in the correct size

range.

1.4.10 Second round capture.

Repeated as for first round capture.

1.4.11 Third PCR.

As for second PCR
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1.4.12 Removal of SAULA/B linkers before cloning.

One hundred pi ofPCR product was digested with Mbol (Promega) according to

the manufacturer's instructions, to remove the SAULA/B linkers. The cut linkers

were removed from solution using Centricon-100 concentrators as above after

making the digest up to 1 ml with ddTLO. Two pi of the retentate was run on a

2% checking gel with concentration standards and a portion of the genomic DNA

that still had the linkers attached. This was undertaken to assess the

concentration of the DNA and to confirm that the linkers had been removed.

1.4.13 Cloning enriched fractions into Pharmacia BAP (dephosphorylated),

BamHI digested, "Ready-to-Go" PUC18 vector.

Twenty pi of water containing -20 ng of DNA was added to RTG tube and then

the manufacturer's instructions were followed. Epicurian coli XL 1 -Blue MR

supercompetent cells (Stratagene) were transformed by heat shock, according to

the manufacturer's instructions. The entire batch of transformed cells was split

into four aliqots and to each aliqot 260 pi ofXgal (20 mg ml"1) and 26 pi of

IPTG (200 mg ml"1) was added. Each aliqot of cells was plated out onto large

(23.5 x 23.5cm) LB agar plates containing tetracycline (12.5 pg ml"1) at a

concentration of 1 pi ml"1 agar and ampicillin lpl ml"1 agar (50 pg ml"1)

Sambrook et al. 1989), and incubated for 16 h at 37°C.
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Individual white bacterial colonies were tooth picked off of the plates and added

to 0.5 ml microtubes containing 200 pi LB, tetracycline and ampicillin as above.

The colonies were then incubated for 16h at 37°c.

Following vortexing 2 pi of each overnight culture was spotted out onto Hybond

nylon membrane, which had been placed onto LB agar plates (as above except

Xgal and IPTG were omitted). The plates were incubated for 16h at 37°C.

The nylon membranes were placed on Whatman filter paper and soaked in 2 X

SSC / 5% SDS for 3 min. The filters were then microwaved for approximately 3

min (or until the membranes were just dry), to fix the bacterial DNA to the nylon

membranes (modified from Buluwela et al. 1979). The membranes were also

UV crosslinked using a stratagene crosslinker.

1.4.14 Preparation of radiolabeled oligonucleotide probe.

The nylon membranes were probed for CA repeats with (CA)22 oligonucleotide

probes that had been kinase labeled with [ y32P] dATP (Amersham) using

Polynucleotide Kinase "Ready to go' tubes (Pharmacia Biotech).

1.4.15 Hybridisation.

The membranes were pre-hybridised in 15 ml 0.25 M Na2HP04, 5% SDS, 1%

BSA and 0.001M EDTA for 1 h at 50°C, in hybridisation bottles. The pre-

hybridisaticn solution was poured out of the hybridisation bottles into a beaker
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and 25 pi of the labeled probe was added to the solution; the solution containing

the probe was then returned to the hybridisation bottles. Hybridisation was

carried out at 50°C in a hybridisation oven for 16 h..

Washing was carried out using hybridisation buffer (as above, with probe

omitted) in a hybridisation oven at 50°C. The hybridisation buffer was renewed

every 30 minutes until a blank nylon membrane showed <10 counts min1. The

membranes were blotted on Whatman filter paper and sealed in bags.

Autoradiographs were set up in cassettes and kept at -70°C for 2 days.

1.4.16 Plasmid isolation

Plasmid DNA was isolated with Wizard Minipreps (Promega). The inserts were

sequenced both forward and reverse on an ABI Prism 377 automated sequencer

(Perkin Elmer) using Ml3 universal primers. The forward and reverse sequences

were aligned using Gene Jockey II sequence analyser (Taylor 1993). Primers

were designed using the default settings on Primer 3 (Rozen & Skaletsky

1996,1997 @ http://www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi).

1.4.17 Optimisation of microsatellite primers.

Microsatellites were optimised for both temperature and MgCl2 on a G.R.I. PTC

100 thermal cycler. This was achieved by first running PCRs 2°C below the

melting temperature that was provided with the primer pairs designed on Primer

3 (see above), at 1.5 raM MgCl. Along with these reactions a positive control
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was run using plasmid DNA containing the microsatellite insert. If no product

(other than in the positive control) could be visualised on a 1.5% agarose gel, the

annealing temperature was lowered by 1°C until a product in the correct size

range could be visualised. The MgCl2 was titrated at 0.5mM increments from

1.0-3.5 mM. The optimised MgCl2 concentration was judged to be the reaction

that had the cleanest (i.e. single/tight) band. These PCR conditions were then

used to test the microsatellites for polymorphism. The amplification reactions

contained -25 ng of template DNA, IX manufacturer's buffer (Promega), an

optimised concentration ofMgCl2, 0.1 mM of each dNTP, 25 pmol of each

primer and 0.5 unit of Taq DNA polymerase (Promega) in a volume of 25 pi.

The amplification program was (i) 94°C for 3 min, (ii) 35 cycles of denaturation

at 94°C for 20s, (iii) the optimised annealing temperature of (see table 1) for 30s

and (iv) primer extension at 72°C for 30s. A final extension was carried out at

72°C for 10 min.

1.4.18 Test for microsatellite polymorphism.

The microsatellite loci of 20 Ephippiger ephippiger from Montpellier (Herault

France) were amplified to evaluate polymorphism and heterozygosity. PCR

reactions were set up as before. All reactions were run with positive and

negative controls (see above).

20



Chapter la

1.4.19 Polyacrylamide gel elecrophoresis (PAGE).

Prior to PAGE, reactions were checked for amplification on a 1.5% agarose

checking gel. Seven pi of 90% formamide loading buffer containing xylene

cyanol (Sambrook et al. 1989) was added to the remainder of the PCR product.

This was denatured for 2 min at 95 °C and immediately placed on ice. Ten pi of

each mix was loaded into a 6% denaturing polyacrylamide gel (Sambrook et al.

1989) and electrophoresed at 30-50 mA for ~8 h, depending on the fragment

length. A 10 bp ladder (Gibco BRL) was run in the first lane and every 10th lane

of the gel, and a positive control was run on every gel for the accurate sizing of

alleles. The products were visualised by silver staining (figure la, b) (Promega)

according to the manufacturer's instructions. A microsatellite locus was deemed

to be monomorphic if all 20 individuals were homozygous for the same allele

over four different French populations. These populations were Mazaugues

(Provence), Sauto (Pyrenees Orientales), Carcassonne (Garonne) and Val de

Ariege (Ariege).

All silver stained gels were photographed with an SLR camera using ISO 64

film. The photographs were scanned into Adobe Photoshop 5 at 1200 dpi. The

images were enlarged and printed using a laser printer at 1200 dpi. Alleles were

sized to lbp (see figure lb) by running each allele in size order on a PAGE gel.

Lanes four and seven in figure la are ambiguous, lane 4 could be either DE or EF

and lane 7 could be either BE or BF. This ambiguity occurs because of product

leakage from one lane to another. Ambiguous individuals were routinely

repeated.

21



Figure la. Locus BC299 showing six alleles. Genotypes: Lane 1=CF, 2=11, 3=DE,
4=DE, 5=DE, 6=EF, 7=BE, 8=DE, 9=EF, 10=DE, 11=DD, 12=EF, 13=DD, 14=DF,

15=DD, 16=DF, 17=DF, 18=FF, 19=BB, 20=AA (See text for more details)

Figure lb. Alleles at locus BC299 run in size order against a 10 bp ladder.
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1.5 Results.

Out of approximately 8000 colonies screened for CA repeat motifs, 51 positive

clones containing microsatellites were obtained. This approximates to 0.31%

microsatellite enrichment per round. Most sequenced clones contained

imperfect microsatellite repeats, few were perfect and only two were compound

repeats. Sixteen microsatellites had flanking regions suitable for primer design,

but the rest were unsuitable because the microsatellites were too close to the

vector.

Of the sixteen microsatellites six were polymorphic and produced clear, scorable

bands. The mean allele number was 4.6 (range 4.0-6.0) and the average

observed heterozygosity was 0.52 (range 0.3-0.84) (table 1; see also Hockham et

al. 1999).
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Table1.Characterisationof16microsatellitelociinEphippigerephippiger. Locus

Length ofPCR product bp

Primersequence(5'-3')

Repeat motif

Annealing temp. (°C), MgCl2

No.of alleles

Ho

Genbank accession numbers

52

129

F:CACTGATGAGGTTGGAAGGG R:TGCTCCAACACATGTCATCC
(CA)IS

59, l.OmM

5

0.80

AFO91021

67

124

F:CCCTACCAATGATGAGGGTG R:GTTCATTCCAATGACCAGGG
(CA),5

59, 1.5mM

4

0.84

AFO91026

69

165

F:AAACCATCTCTGTCCGCATC R:TTTTGGACTCGAACTCACCC
(CT)7(CA)13
59, 1.5mM

6

0.33

AFO91027

90

244

F:GGAAGCTTGGGATAGCGAGT R:TTGGAATTAGCCAATGAGGG
(CA)12

58, l.OmM

5

0.50

AFO91028

299

278

F:AACAGTTCCACGCTCTTGTG R:ACGCCCACTCAGTTTTATGG
(CA)14

56, 1.5mM

4

0.30

AFO91022

279

136

F:CAACAGTTCCACGCTCTTGT R:TGGCATAGGAAAGGGTGAAG
(CA)23

59, l.OmM

1

1

AFO91025

483

226

F:TGTATTGAAGGGGTGGGTGT R:GGTAAGCTTGGGGTCATGC
(CA)I9

59, 1.5mM

1

1

AFO91023

633

288

F:CGCAACAATACTGCCAAAAA R:TGTACCGGTTAAAATTTGCG
(CT)15(CA)10(CA) 14

59, 1.5mM

4

0.35

AFO91024

347 285

185 156

F:CAGTGCATGCATTTGCTCTT R:TCCGCTTATGTAAGTCGTGTAA F:TCATTGCTTAATTCCATTGCC R:TTGGGATACTAACATTGATGAGGA
(CA)9CG(CA),o (CA)„CG(CA)3C GCAGCCAGC(C A)8CG

46, 2.5mM 54, 1.5mM

No amp.
1

-



.(CA)2(CA)9 _

185

275

F:TGTATTGAAGGGGTGGGTGT R:GGTAAGCTTGGGGTCATGC
(CA)19

56, 1.5mM

1

-

700

113

F:TGAATGCGAGCTCTCTATCTCTT R:ATAGCAAGCAAGTGTGTGCG
(CA)29

46, 2.5mM

No amp.

-

739

216

F:CTTCCCGGGTATCCCAAG R:GTTTAAGGCCCTCTTGTCCC
(CA)14

57, 1.5mM

?

-

47

146

F:ATGGCGCAATTGAAATACCA R:CGGGGATTTTAACCCTCATT
(CA)27

57, 1.5mM

?

-

884

183

F:GCACTAATTACGCTCTCCGC R:AGCACCTGCTCAGTCTCCTC
(CA)3CG(CA)10(C A)i5

57, 1.5mM

?

-

342

216

F:CTTTGTGCGATGTCTGCTGT R:CGCATGATCCCAAGCTTAC
(CA)24

46, 2.5mM

No amp

-

Ho,observedheterozygosity
?,amplificationproducedambiguousresultsthatweredeemedunscoreable. Noamp.,noamplification
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1.6 Discussion.

Table 1 shows that there was a number of loci that either did not amplify or were

unscoreable. The reasons for this are unknown. However, further PCR

optimisation may yield scorable products from the loci that were difficult to

interpret and the redesign of primers for those loci that did not amplify may also

yield PCR products.

The number of positive clones containing microsatellite repeats was low, 0.31%

per round of enrichment. Ciofi and Bruford (1998), using the same protocol,

gained 5% positive clones per round of enrichment in the Brown long eared bat,

Plecotis auritus. Other studies using various enrichment protocols gain even

higher enrichment; for example, Mundy and Woodruff (1996) achieved 80% in

Loggerhead Shrikes, Lanius ludovicianus and Ostrander et al. (1992) reported a

40-50 % enrichment in canine DNA.

There is substantial variation in the number of positive clones obtained using

enrichment methods. There is considerable difficulty drawing any conclusions

or inferences from these results because of the potential for technical problems

with enrichment protocols. In studies that isolate and characterise

microsatellites without enrichment, it is possible to estimate the number of

microsatellite motifs in the genome of the organism. This is calculated using the

number of clones that contain repeat motifs whilst adjusting for genome size of

the organism. For example, Becher and Griffiths (1997) estimated that there is a

microsatellite every 6-18 kb in the genome of the Hedgehog, Erinaceus

europaeus, whereas there is a microsateiiite every 6kb in the human genome
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(Beckman and Weber 1992). However, given that the percentage enrichment in

the present study is very low compared with similar studies, it seems likely that

the number of microsatellites in the genome of E. ephippiger is very low.
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Chapter lb

Conservation of microsatellite loci in the tettigoniid subfamily

Ephippigerinae

2.1 Abstract.

Microsatellites are becoming the marker of choice for many studies in molecular ecology
and population genetics. However, a major limitation in their use is that they are time

consuming and costly to isolate and characterise. This study investigates the

evolutionary conservation of eight microsatellite loci specifically isolated from E.

ephippiger within the Ephippigerinae. Results suggest that the conservation of these loci
within this group is extensive. These results are discussed with reference to

microsatellite evolution.

2.2 Introduction.

The use of microsatellites in natural populations is currently increasing steadily

(Primmer et al. 1996). This is not surprising since they have many advantages

over other markers (see chapter la). One potential drawback with the use of

microsatellites is their acquisition. If no sequences containing repeat motifs are

available from which microsatellite primers can be designed, they must be

isolated and characterised. This process can be time consuming and costly (Rico

et al. 1996, Hammond et al. 1998). Because of these constraints of time and

money, much interest has focused on the amplification of homologous

microsatellite loci in taxa other than those for which they were originally

designed.

An important factor determining the amplification of microsatellite loci in non-

source species is the nucleotide sequences flanking the loci, because these aie
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the regions used to design the primers for PCR amplification (see chapter la).

Over time mutations occur and accumulate in these flanking regions. At the

lower end of the scale these mutations can take the form of single nucleotide

substitutions, while insertions or deletions (indels) of larger stretches ofDNA

can cause major changes in regions flanking microsatellite loci. The mutations

that occur may render a particular locus un-amplifiable using a set of primers

designed for another species. The rate at which flanking regions accumulate

mutations is therefore very important in determining the extent to which

microsatellite primers designed for one species can be used to amplify

homologous loci in distantly related taxa (Gupta et al. 1994, Fitzsimmons et al.

1995, Pepin et al. 1995, Rico et al. 1996).

Because of the accumulation of mutations over evolutionary time, a significant

negative relationship is expected between evolutionary distance and cross-

priming performance (Estoup and Angers 1998). This relationship has been

shown in many studies across diverse taxa such as bovids/ovids (Moore et al.

1991, Pepin et al. 1995), primates (Deka et al. 1994 and Bowcock et al. 1994),

cetaceans (Schlotterer et al. 1991), canids (Roy et al. 1994), equids (Breen et al.

1994), salmonids: Estoup et al. (1993a), hymenopterans (Estoup et al. 1993b),

gadoid fish (Rico et al. 1996) and chelonians (Fitzsimmons et al. 1995).

In the present study I examined the conservation of 6 polymorphic and two

monomorphic microsatellite loci in 11 Tettigoniids (Orthoptera: Tettigoniidae;

Ephippigerinae). Also, I tested whether the conservation of microsatellite loci

was greatest amongst closely related species, as inferred from a traditional
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phylogeny based on morphology (Harz 1969). The microsatellites were

originally isolated from E. ephippiger (see chapter la), which belongs to the

same subfamily as the 11 species examined.

2.3 Methods.

Touchdown PCR (Don et al. 1991) was used to check for cross-species

amplification. One individual per species was examined. The loci were

amplified using the same conditions detailed in chapter la except that 30 cycles

were used instead of 35; 15 cycles were at the annealing temperatures stated

(Table 1 chapter la), followed by 15 cycles at 2°C below the initial annealing

temperature. A positive control consisting of DNA from E. ephippiger and a

negative control (DNA substituted for water) were run with all samples. Twenty

pi of the PCR products were run on 1.5% agarose gels and visualised by

ethidium bromide staining. A positive PCR amplification was scored if a clean

amplification product in approximately the correct size range was visualised on

the agarose gel.

2.4 Results.

Table 1 shows that conservation of these loci between the species examined is

extensive, although the extent of polymorphism is not known.
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Table1.Cross-speciesamplificationof8lociusingTouchdownPCR(seetextfordetails)
Locus

Species GenusEphippiger

BC299

BC633

BC483

BC52

BC69

BC279

BC90

BC67

Ephippigerephippiger
+

+

+

+

+

+

+

+

Ephippigerareolaria
+

-

+

+

+

+

+

+

Ephippigerperforatus
-

-

+

+

+

+

+

+

Ephippigerruffoi

+

-

+

-

+

+

+

+

Ephippigerterrestris
?

+

?

?

+

+

+

+

Othergenera Ephippigeridazapateri
-

-

+

-

+

+

+

+

Steropleurusbrunnerii
-

-

+

-

+

+

+

+

Steropleuruscatalaunicus
-

+

+

+

+

+

+

+

Steropleurusperezii
-

-

+

-

-

+

+

+

Steropleurusstalii

+

-

+

-

+

+

+

+

Uromenusrugosicollis
?

+

+

+

+

+

+

+

+,amplification,-nonamplification
?,nottested
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The success of amplification of microsatellite loci was greater within the genus

Ephippiger (72%) than in other genera tested (43%), however this difference was

not significant x2=3.39, ldf, P=0.066 (see Table 1). In the above test, only

microsatellites that varied in their amplification success across species were

included in the analysis (BC299, BC633, BC52 and BC69), because these are the

only loci that are phylogenetically informative.

2.5 Discussion.

This study potentially demonstrates homology between E. ephippiger and many

of the non-source organisms' flanking regions. However, it is possible that the

amplicons are not homologous. Previous studies such as Primmer et al. (1996)

used direct sequencing to demonstrate homology between amplicons of source

and non-source species. Another study by Rico et al. (1996) used both

sequencing and southern blotting to demonstrate homology. Both studies found

a high level of agreement between proposed homology based on amplicon size

and actual homology based on sequencing and southern blotting. In the present

study, only the approximate correct size ofamplicon was used to demonstrate, or

rather to indicate, homology. As previous studies have demonstrated, this is

probably sufficient justification that further investigation is worthwhile by

researchers requiring microsatellites for these study species. Information such as

this is invaluable for other researchers lacking facilities for cloning and

sequencing their own microsatellites.

32



Chapter lb

Touchdown PCR was used in this study as a way of quickly assessing whether

amplification was possible in non-source species. Ideally each species should

have been tested for amplification over a range of magnesium concentrations and

temperatures. Mutations in priming sites may make the primers less specific for

a particular species; however as the PCR conditions are relaxed by lowering the

temperature and/or raising the magnesium concentration, amplification becomes

more likely. This may also result in non-specific priming so there are

limitations. Further optimisation for the species that did not amplify at particular

loci may also yield amplification. However, if evolutionary inferences are to be

made about heterospecific amplification, it is essential to keep amplification

conditions constant across species for particular loci. Another potential source

of error in this study was the use of only one individual per species. This may

have been a problem if the DNA was of a poor enough quality to prevent PCR

amplification. This does not seem to have been a problem, because

amplification of at least one locus was attained in each species examined. Also

the amplification of more individuals per species would also have allowed me to

assess microsatellite polymorphism, however this was not possible because only

I individual per species was available.

The use of microsatellites in most studies relies on the fact that they are

polymorphic. This study does not demonstrate polymorphism in non-source

species. Previous studies suggest that the proportion of microsatellite loci which

are polymorphic is inversely related to the distance between the original species

and the target species (Fitzsimmons et al 1995, Primmer et al 1996). Since many

of the species included in the present study are closely related to E. ephippiger
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(Harz 1969), the potential for polymorphism for at least some of the loci tested

seems high.

Previous studies have placed the success of amplification of microsatellite loci

into an evolutionary context by comparing the success of amplification with the

evolutionary distance between the source and target species. Cross species

amplification in both birds and turtles is inversely related to the evolutionary

distance separating the species that are compared (Primmer et al. 1996,

Fitzsimmons et al. 1995, respectively). Other studies of the cross-species

amplification ofmicrosatellites have also found high levels of conservation.

Moore et al. (1991) showed that 56% of microsatellite primers developed for

cattle successfully amplified homologous products in sheep, and 42% of these

were polymorphic. Kondo et al. (1993) found that in a reciprocal analysis of

mouse and rat microsatellites, amplification success in mice was 16% while in

rats it was 12%. In a study by Deka et al. (1994) on primates it was found that

seven out of seven human microsatellites amplified in chimpanzees, six out of

six in gorillas and four out of four in orangutans. Not surprisingly the human

microsatellites were more polymorphic in chimpanzees than in the other

primates tested.

The present study shows that the success of amplification of microsatellite loci

that varied in amplification success across all taxa, did not conform to a

classification based on morphology (Harz 1969). This result therefore contrasts

with the other studies discussed above that found a relationship between

amplification success and evolutionary distance. However, this study does show
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that the microsatellites which were specifically isolated from E. ephippiger are

highly conserved within the Ephippigerinae and may potentially be of use to

others requiring microsatellites for Ephippigerine tettigoniids.
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Chapter 2

Macro and micro-geographical population genetics of Ephippiger ephippiger

3.1 Abstract.

Climatic oscillations during the quaternary cold periods are thought to have had a large

impact on the distribution of genetic diversity of European biota. Studies suggest that the

expansion and contraction of populations during glacial and interglacial periods may be

responsible for the subdivision of groups of organisms into sibling species, subspecies,

races and forms within Europe. The aims of this study were to investigate the genetic

variation within and between populations and proposed forms of the tettigonid species

complex E. ephippiger using microsatellites. The distribution of genetic variation is

discussed with reference to vicariance events and the biology ofE. ephippiger. This

study shows that the subdivision of E. ephippiger in southern France is extensive at both

a macro and microgeographic scale and that populations are highly inbred. Indirect

estimates of gene flow and direct evidence suggest that this subdivision is caused by an

inability ofE. ephippiger to disperse even over small distances as well as geographic and

anthropogenic barriers to dispersal. The separation of the cunii, cruciger and vitium

forms of E. ephippiger is to an extent supported by the population phylograms. It is

therefore possible, as recently suggested, that all three forms occupied different refugia

during recent glacial events.

3.2 Introduction.

The present geographical distribution of living organisms depends upon both

ecological and historical parameters (De Candolle 1820). A major historical

factor influencing the distribution, diversity and genetic structure of the northern
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European biota were the quaternary cold periods (Taberlet et al. 1998). These

cyclical climatic changes are thought to be caused by changes in the earth's orbit

around the sun (Hays et al. 1976). The ice sheets caused by these cold periods

began spreading across the northern hemisphere approximately 2.5 myr ago.

Since then, major oscillations have occurred during the last 700 ky with a

dominant 100 ky cycle (Webb and Bartlein 1992). More recently, short term

high amplitude climatic variation dominated during the late Pleistocene (130-10

ky ago) (Roy et al. 1996). These cold periods involved repeated coverage of

northern Europe and central mountain ranges with ice sheets which appear to

have had a dramatic influence on most organisms which occur in temperate

regions (Hewitt 1996).

Detailed studies of species complexes and geographically widespread species

have revealed a great deal of subdivision into sibling species, subspecies, races

and forms (Hewitt 1988). This is because cold intolerant taxa dramatically

altered their range during the cold periods. These range alterations involved the

retreat of many species into southern refugia located in places such as the south

of Spain, Italy and the Balkans (Hewitt 1996). This retreat must have involved

the separation of previously widespread species into different refugia. This is

likely to have caused considerable genetic divergence within a species, through

genetic drift (due to a reduction in population sizes) and selection mediated

through environmental differences between refugia.
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Hewitt (1996) points out that expansions from refugia during inter-glacials

allowed previously isolated populations to meet and potentially interbreed.

Some species would re-colonise northern areas from just one refugium, others

from several (Hewitt 1996). This is likely to have resulted in the mixing of

genomes (Hewitt 1996) that diverged whilst occupying different refugia. This

pattern of contraction and expansion (Hewitt 1989) will determine the

distribution of genetic diversity that is seen today. For example successive

bottlenecks during range expansions and contractions are thought to have caused

the loss of genetic diversity of northern compared to southern populations

(Hewitt 1996). This reduction of genetic diversity is one of the predictions of the

expansion / contraction model, and has been documented in newts, Triturus

species (Wallis and Arntzen 1989), grasshoppers, Chorthippusparallel™

(Cooper et al. 1995), oak, Quercus species and beech, Fagus sylvatica

(Demesure et al. 1996 and Dumolin-Lapegue et al. 1997).

At its extreme, divergence may cause reproductive isolating barriers (RIBs) to

form within species that have been separated into different refugia. An example

of a RIB can be seen in the orthopteran subspecies Chortippusparallelus which

are thought to have shared a common refugium (possibly Turkey) 0.5 myr ago.

However, recent ice ages separated this species into different refugia where they

diverged, probably due to a lack of gene flow between refugia and selection from

different environments and cohabiting species (Hewitt 1996). This divergence is

a plausible explanation for the appearance of F1 male sterility (a postzygotic
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isolating barrier) (Hewitt et al. 1987), and positive mating assortative (like

mating with like) between the subspecies C.p. parellelus and C.p. erythropus

which now hybridize in the Pyrenees (Ritchie et al. 1989, Tregenza et al.

manuscript).

The dispersal abilities of organisms during recolonisation is also thought to have

been instrumental in causing the genetic patterns seen today (Tregenza et al. in

press). For example Hewitt (1993), Nichols and Hewitt (1994) and Hewitt

(1996) point out that long distance dispersers would be able to set up colonies

well ahead of the main distribution. Colonisers arriving later would contribute

little to the genetic makeup of the population, if the carrying capacity of the new

habitat had been saturated. The implications of this contraction and expansion

model are largely dependent on the speed and distribution of dispersal and

population growth. The speed of dispersal will obviously be affected by

geographical barriers like mountain ranges, rivers and the localities of refugia.

In simulation studies using uniform and stepping stone dispersal distributions,

fragmented patchworks of high and low gene frequency areas are produced (

Endler 1973, Sokal et al. 1989, Epperson 1990, 1993, Ibrahim et al. 1996).

These patchworks may persist for many generations and become more

fragmented with time (Hewitt 1996).

In the past, a great deal of effort has been put into studies of geographic variation

in European plants and animals. The focus of much of this work has been to
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determine refugial locations and colonisation routes following glacial events.

This information is often used to explain the current distribution and patterns of

genotypic and phenotypic diversity across Europe. Taberlet et al. (1998)

conducted a comparative study to elucidate the degree of congruence between

likely post-glacial colonisation routes of ten European taxa including mammals,

amphibians, insects and plants. Surprisingly, all but two of the species examined

used three potential refuges during the quaternary cold periods: the Iberian

peninsula (Spain), Italy and the Balkans (Taberlet et al. 1998). Postglacial

colonisation routes for those taxa also exhibit a high degree of concordance.

If vicariance events such as glaciations are responsible for the geographic

patterns of genetic variation in European species, then one might expect to find

congruence between the divergence times between species as well as glacial

refugia and postglacial colonisation routes. However, Taberlet et al. (1998)

point out that there is a considerable dissimilarity between European wide

phylogeographic patterns in terms of phylogenetic branch lengths. This is

probably not surprising since different species are likely to have behaved

differently in response to postglacial warming, especially considering the

variation in dispersal abilities and temperature tolerances both within and

between species. As stated by Hewitt (1996), "each species group will have its

own story which requires individual research and telling". This telling will

undoubtedly require a detailed knowledge of the biology of the organism under

study.
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3.2.1 The species under study.

E. ephippiger is a large tettigoniid bushcricket belonging to the subfamily

Ephippigerinae. E. ephippiger is widely distributed over mainland Europe,

especially in southern France where populations are often discontinuous and

isolated (Hartley & Warne 1984). The range of this species extends from France

into northern Spain across central Europe and northern Italy into the Balkans

(Bellman 1984). This insect is highly polymorphic over its range and shows

considerable variation in mating signals (Busnel 1963, Duijm 1990), and

morphology (Hartley & Bugren 1986, Oudman et al. 1990). It has been

suggested that the distribution and variation in E. ephippiger is related to

differentiation in refugia during recent ice ages (Ritchie et al. 1997, Kidd and

Ritchie in press), with subsequent dispersal, drift and selection producing the

observed variation.

The variation in morphology and calling song in E. ephippiger has caused

considerable confusion over the classification of the various morphotypes within

this species (Hartley and Warne 1984, Hartley and Bugren 1984, Grandcolas

1987, Oudman et al 1990). Debate has focused on whether E. ephippiger is a

single species with many local forms (Voisin 1979), or whether these forms

represent species or subspecies in their own right (Harz 1969). Harz (1969)

recognised 12 species in the genus Ephippiger with E. ephippiger further

subdivided into 5 species including 1 Pyrenean form cunii, and 2 lowland forms

vitium and cruciger (see figure 1). However, Hartley & Warne (1984) conducted
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a study on genitalic morphology and mating compatabilities and reduced E.

ephippiger to 3 subspecies E.e. ephippiger, E.e.vitium and E.e.cunn (see also

Voisin 1979). However, none of these subspecies are reproductively isolated and

were united into a "superspecies" (Duijm and Oudman 1983, Duijm et al. 1983).

Oudman et.al. (1990) and Duijm (1990), on the basis of morphology, allozymes

and behaviour, concluded that clinal variation linked each proposed

distinguishing trait and that genetic distance between most forms is very low.

Ritchie et al. (1997), using RAPDs, also found high genetic similarity within E.

ephippiger.

Kidd and Ritchie (in press) used geographical information systems (GIS) to map

morphological, behavioural and allozyme variation in E. ephippiger

geographically. They point out that the split between cruciger/cunni and vitium

forms is consistent with an expansion from Iberian and eastern European refugia.

Recent data on the phylogeny of this group based on mtDNA RFLPs indicates

that the vitium form is distinct from the cruciger and cunii forms (Ritchie and

Gleason unpublished data). Kidd and Ritchie (in press) also provide evidence

based on the geographical distribution of various traits, to support the separation

of the cunii and cruciger forms. They hypothesize that the cunii and cruciger

forms may be distinct because they occupied separate Iberian refugia. Kidd and

Ritchie suggest that the northward advance of the cunii form may have been

restricted by a geographical barrier such as the central Iberian Sierras. Thus, the

cruciger form advanced out of Iberia into the Languedoc before cunii and later
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hybridised with cunii, advancing from the south and vitium from the north. This

scenario may have been further complicated by repeated expansion and

contraction cycles (Hewitt 1996) but is also consistent with wider, less

coincident, clines that are characteristic of E. ephippiger within the Languedoc

region. Interestingly, the mtRFLP phylogeny (Ritchie and Gleasons unpublished

data) indicate that the cunii form ofE. ephippiger appears to have distinctive

mtDNA forms throughout the Pyrenees which corespond to different valleys.

This indicates that gene flow between Pyrenean valleys may be restricted.

Figure 1 Distribution map for most of the proposed forms ofEphippiger, based on

locality descriptions and species/subspecies names in Harz (1969), Bellman (1984),

Hartley and Warne (1984), Oudman et al. (1990) (from Kidd and Ritchie in press).

43



Chapter 2

3.3 Aims.

The analysis of allele frequency distributions at neutral genetic markers allows

the elucidation of population parameters such as population structuring and gene

flow between populations. This study aims to examine the genetic variability

and differentiation in E. ephippiger from sites throughout France on a macro and

micro geographic scale using polymorphic microsatellites. The microgeographic

scale is based on two populations sampled in 1997 of the cunii form within a

single Pyrenean valley (Sauto and Liar, <5km apart, Cerdagne, Pyrenees,

Orientales). Three Pyrenean valleys were sampled in order to obtain indirect

estimates of gene flow between valleys. This was undertaken to determine if low

levels of gene flow are responsible for the observation by Ritchie and Gleason

(unpublished data) that populations of E. ephippiger within pyrenean valleys are

genetically distinct. All three forms of western European E.epippiger were

sampled, (cunii, cruciger and vitium, Harz 1969) which allowed a test of whether

or not the variation between the three forms ofE. ephippiger is greater than the

variation between populations. If the variation between the forms is greater than

the variation between populations, then this may be consistent with all 3 forms

occupying different refugia during recent glacial events.

An attempt will be made to explain the patterns of genetic variation by

considering historical vicariance events and the biology of the species. The

findings of this study will also be compared to other studies of the variation

within E. ephippiger. The use of microsatellites for investigating the
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phylogenetic relationships between populations will also be investigated. This

will be undertaken by calculating genetic distances from both the frequency and

extent of unique alleles within populations, and the comparison of allele

frequencies between populations. These distance measures will be used to

generate phylograms to investigate the potential evolutionary relationships

between populations.

3.4 Methods.

A detailed description of the isolation and characterisation of microsatellite loci,

DNA extraction, and allele scoring can be found in chapter la. PCR conditions

were optimised for 25 cycles rather than 35 (see chapter la). Also PCR

conditions were optimised for reduced extension and annealing times. This was

undertaken in order to reduce the slippage associated with high cycle numbers

and long extension and annealing durations. The methods used for re-

optimisation are the same as those used in chapter la. See table 1 (chapter la)

for optimised annealing temperatures and MgCl2 concentrations.

PCR amplification reactions contained ~25ng of template DNA, 2.5pl of 10X

buffer (Promega), 0.13 p.1 Taq polymerase (Promega) an optimised concentration

of MgCl2 (see table 1), 25 pmol of each primer and 0.1 mM of each dNTP. The

amplification program was 92°C for 2 min, then 25 cycles of denaturation at

92°C for 10s, the optimised annealing temperature (see table 1) for 20s, primer

extension at 72°C for 15s and a final primer extension step at 72°C for 5 min.
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Table 1. Annealing temperature and magnesium chloride concentration of five

microsatellite loci, optimised for 25 PCR cycles and shorter extension and annealing

durations (cf. chapter 1 a).

Locus Annealing temperature (°C) MgCl2 concentration
(mM)

BC299 52 1.5

BC633 54 1.5

BC69 49 1.5

BC67 53 1.0

BC52 54 1.0

The population names and their corresponding abbreviations are as follows:

MP = Montpellier 1998, CL = Clermont le Herault 1998, AR = Ariege 1998,

CA = Carcassonne 1998, PU = Puymorens 1998, MA = Mazauguesl998,

LO = Lodeve 1998, SA97 = Sauto 1997, SA98 = Sauto 1998 and LL97= Liar

1997. For the morphological type (Harz 1969) of each population see table 2.

The populations sampled in 1997 (i.e. SA97 and LL97) represent the micro-

geographic sampling whereas all populations sampled in 1998 represent the

macro-geographic sampling. Further details concerning sample sites can be

found in appendix 2. Throughout this chapter the populations will be referred to

by their abbreviations. The approximate locations of the sample sites can be

seen in figure 2.
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Figure 2. Maps of southern France and the eastern Pyrenees showing approximate

locations of collection sites (see table 2 for codes) (modified from Ritchie et al. 1997).

45°—,
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Table 2. Origin and description of bushcricket samples.

Site code Location, Department Morphological type
1 Montpellier, Herault cruciger
2 Clermont L'Herault, Herault cruciger
3 Ariege, Val de Ariege cunii
4 Carcassonne, (Pezens la Bastide), Garonne cruciger
5 Porte Puymorens, Pyrenees Orientales cunii

6 Mazaugues, Provence vitium
7 Lodeve, Herault cruciger
8 Sauto, Pyrenees Orientales cunii
9 Liar, Pyrenees Orientales cunii

3.5 Results and preliminary discussion.

3.5.1 Sample sizes.

The per site, per locus and the mean sample sizes can be seen in table 3. The CA

and PU populations were not scored for locus BC67 because of smearing

(multiple bands) on PAGE (PCRs and PAGE were repeated multiple times).

Only one individual could not be scored for any of the loci. This individual was

in the LO population and the probable cause was contamination in the DNA

extract.

Table 3. Sample sizes per locus and per sample site.

Sample sites
Locus MP CL AR CA PU MA LO SA98 SA97 LL97 Mean

BC299 25 25 25 25 25 25 24 25 25 25 24.9

BC633 25 25 24 25 25 25 24 25 25 25 24.8
BC69 25 25 25 25 25 25 24 25 25 25 24.9

BC67 25 25 25 0 0 25 24 25 25 25 19.9
BC52 25 25 25 25 25 25 24 25 25 25 24.9
Mean 25 25 24.8 20 20 25 24 25 25 25
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3.5.2 Allele numbers.

Total number of alleles per locus, range of alleles per site and mean number of

alleles per site can be seen in table 4. The loci with the highest number of alleles

over all populations were BC69 and BC67 with 39 alleles each. The population

with the highest number of alleles at any one locus was CL with 17 alleles at

locus BC69. The locus with the highest mean number of alleles across

populations was BC69 with 11.3, whereas the locus with the lowest mean

number of alleles was BC633 with 3.3.

Table 4. Number of alleles per locus, range of alleles per locus across sites and mean

number of alleles per site.

Alleles BC299 BC633 BC69 BC67 BC52

Total 15 14 39 39 10

Range per locus across sites 1-8 1-6 5-17 3-13 3-19

Mean per locus over sites 4.6 3.3 11.3 9.0 6.1

This high variation is reported in other microsatellite studies. For example

Prosser et al. (1999) report an allelic range of 2-18 in Nerodia sipedon sipedon,

Goostray et al. (1998) 3-15 in the cormorant, Phalacrocorcvc carbo, Amos et al.

(1993) 3-54 in whales and Lehmann et al. (1996) 2-13 in the mosquito,

Anopheles gambiae. The polymorphism of the five microsatellite loci in this

study are comparable to those reported in other studies, but it is clear that they

are at the high end of the scale of variability.

49



Chapter 2

3.5.3 Linkage equilibrium.

Genetic linkage disequilibrium was investigated using Fisher's exact probability

test of statistical independence between allelic compositions in Genepop 3.1c

(Raymond andRoussset 1995, dememorisation number: 1000, batches: 100,

iterations per batch 1000). The null hypothesis is that genotypes at one locus are

independent of the genotypes at other loci. This analysis involves the creation of

contingency tables for all pairs of loci in each population, the program then

performs Fisher's exact test for each table using the Markov chain method. The

product of the number ofbatches and the number of iterations defines the length

of the Markov chain. The dememorisation number allows an unbiased estimate

ofP to be calculated. A biased estimate may be calculated without

dememorisation because the starting point for the Markov chain is the observed

genotype frequencies, and these do not represent an arbitrary starting point. The

Markov chain is therefore allowed to run in order for the initial state to be

'forgotten'.

The test revealed no significant linkage between genotypes at all five loci (table

5). The five loci used in this study can therefore be regarded as independent and

can be used as independent tests for deviations from Hardy-Weinberg

equilibrium.
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Table 5. Results of the test for linkage disequilibrium (see text for details).

Locus pair Chi-square df P-value

BC299 & BC633 13.868 12 NS

BC299 & BC69 14.578 14 NS

BC633 & BC69 10.228 12 NS
BC633 & BC67 5.081 12 NS

BC633 & BC67 13.403 10 NS

BC69 & BC67 2.632 12 NS
BC299 & BC52 10.907 14 NS
BC633 & BC52 8.809 12 NS
BC69 & BC52 9.452 16 NS
BC67 & BC52 12.793 12 NS

3.5.4 Hardy-Weinberg equilibrium.

The observed genotype proportions were tested for deviation from Hardy-

Weinberg equilibrium after Levene's (1949) adjustment for small sample sizes.

This was undertaken for each locus (Table 6) and for each population (Table 7)

using Fisher's exact probability test in Genepop 3.1c (Raymond and Rousset

1995, dememorisation number: 1000, batches: 100, iterations per batch: 1000).

The null hypothesis for this test is that there is a random union of gametes. The

probability of the observed sample is used to define the rejection zone, and the P-

value of the test corresponds to the sum of the probabilities of all tables (with the

same allelic counts) with the same or lower probability. A Markov chain method

is used to estimate, without bias, the exact P-value of this test.

Deviations from Hardy-Weinberg equilibrium can indicate features of both the

molecular marker and the species under study. Inconsistent patterns of deviation

from HWE at different loci, such as heterozygote deficit, can indicate the
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presence of null alleles, whilst consistent patterns across loci are more likely to

reflect real genetic features of a species. For example consistent heterozygote

deficit across loci may indicate population subdivision or inbreeding, while

heterozygote excess may indicate outbreeding (see Chapter la).

As can be seen ffom table 6 all loci show significant deviations from Hardy-

Weinberg proportions, due to a heterozygote deficit. Table 7 and 8 show that all

sites across loci show a significant heterozygote deficit, except the CL

population which has an observed mean heterozygosity (H0) of 0.69, compared

with a mean expected heterozygosity (He) of 0.59. The sites with the highest

heterozygote deficit are AR and PU, which were located in the Pyrenees,

Orientales. However, it should be noted that the population sample sizes are

small and this may have contributed to the significant departures from Hardy-

Weinberg equilibrium. For example Lessios (1992) shows that a sample sizes of

approximately 1000 are needed to confidently ascribe significant departures from

HWE. AR is fixed at locus BC633 and PU is fixed at loci BC299 and BC633.

Surprisingly, the heterozygote deficits in the other two Pyrenean populations SA

and LL were much lower. However, SA97 and SA98 are fixed at locus BC633

and LL97 is fixed at locus BC299. The consistency of heterozygote deficit at

each locus across sample sites provides some confidence that null alleles are not

present. The heterozygote deficit is therefore likely to be a real feature of these

populations, caused by behavioural or demographic processes. In the absence of
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null alleles at all five loci, the heterozygote deficit is likely to have been caused

by inbreeding, possibly as a consequence of founder events.

Table 6. Hardy-Weinberg test, at all loci across 1998 sample sites (macrogeographic

scale).

Locus Chi-square df P-value Heterozygote

BC299 00 14 <0.0001 Deficit
BC633 oo 12 <0.0001 Deficit

BC69 00 16 <0.0001 Deficit
BC67 00 12 <0.0001 Deficit

BC52 oo 16 <0.0001 Deficit

Table 7. Hardy-Weinberg test, at all sample sites across loci (macro and microgeographic

scale).

Population Chi-square df P-value Heterozygote

MP OO 10 <0.0001 Deficit

CL oo 10 <0.0001 Deficit

AR 47.5 10 <0.0001 Deficit
CA 00 8 <0.0001 Deficit

PU oo 4 <0.0001 Deficit

MA 30.3 10 <0.0008 Deficit
LO OO 10 <0.0001 Deficit

SA98 00 8 <0.0001 Deficit

SA97 18.7 8 <0.02 Deficit
LL97 28.6 6 <0.001 Deficit
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Table8.Observedheterozygosityvaluesoverallsamplesitesatalllociandmeanexpectedandobservedheterozygosity. Samplesites

Locus

MP

CL

AR

CA

PU

MA

LO

SA98

SA97

LL97

MeanHq

Std.Error

MeanHe

BC299

0.68

0.40

0.36

0.28

0.00

0.44

0.33

0.16

0.12

0.00

0.28

0.07

0.53

BC633

0.008

0.16

0.00

0.48

0.00

0.48

0.13

0.0

0.00

0.00

0.13

0.07

0.45

BC69

0.68

0.92

0.72

0.52

0.56

0.68

0.75

0.72

0.72

0.75

0.70

0.04

0.85

BC67

0.76

0.52

0.48

?

?

0.68

0.75

0.52

0.52

0.45

0.56

0.11

0.82

BC52

0.56

0.52

0.52

0.72

0.16

0.80

0.75

0.48

0.40

0.45

0.53

0.07

0.67

MeanH0

0.54

0.69

0.42

0.50

0.18

0.62

0.54

0.38

0.35

0.33

-

-

-

Std.Error (H0)

0.14

0.12

0.12

0.12

0.11

0.07

0.13

0.13

0.16

0.14

-

-

-

MeanHe

0.71

0.59

0.65

0.71

0.35

0.76

0.82

0.45

0.45

0.48

-

-

-

?=Locusamp
ifiedbutthealle

eswerenotscoreable.
0.0=Locusfixed.
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The fixation of loci at neutral genetic markers is thought to be caused by random

genetic drift. The only populations in the present study that had fixed loci were

found in the Pyrenees (table 8). Fixation of alleles in Pyrenean populations was also

found in a study of allozyme variation in E. ephippiger (Oudman et al. 1990). This

suggests that the likely cause of the loss in genetic diversity in the Pyrenees is due to

genetic drift caused by geographic isolation and fluctuating population sizes typical

of marginal habitats.

3.5.5 Gene diversity (Nei 1973).

Gene diversity is a measure of genie variation (Nei 1987) and is formed from the

sum of squares of gene frequencies (Weir 1990). It is defined as the probability that

two randomly chosen haplotypes in a sample are different (Schneider et al. 1997). It

is the appropriate measure of variability for inbred populations where there are few

heterozygotes, but several different homozygous types (Weir 1990). This is because

He is the average proportion of heterozygotes in a randomly mating population.

However, in populations that are not in Hardy-Weinberg equilibrium the value of Hg

will not necessarily be equal to the average proportion of observed heterozygotes

(Ho). This analysis was conducted on the program Arlequin ver 1.1 (Schneider et al.

1997).

The mean gene diversity values (see table 9) of the Pyrenean (Highland) populations

were compared to the rest of the populations (Lowland) with a Mann-Whitney li¬

test. This was undertaken in order to test whether there were differences in gene
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diversity between highland and lowland populations. Hewitt (1996) predicts that the

expansion of populations up mountains during warm periods and the contraction

down mountains during cold periods would result in population bottlenecks and

hence a loss in genetic variability of highland populations compared to lowland

populations. Hewitt (1996) points out that many separate mountains may produce

different genomes and that expansions and contractions will assort neutral genetic

variation spatially. The results of this test indicate that the Lowland populations

have a significantly higher genetic diversity than the Highland populations U=10,

N=4 (Highland), N=5 (Lowland), P<0.02. These results are consistent with the low

observed heterozygosity and are in agreement with Hewitt (1996).

Table 9. Mean gene diversity over all loci.

Population (Highland) Mean Gene diversity SE

AR 0.637714 1.676270

PU 0.348980 0.241806

SA98 0.452408 0.280690

LL 0.477878 0.293327

Population (Lowland) - -

CA 0.706531 0.420564

MP 0.795592 0.449196
CL 0.821551 0.461843

LO 0.816312 0.459691
MA 0.756408 0.430088

3.5.6 Population structure and gene flow.

Population structure is often identified using Wright's fixation index (Wright 1941,

1969), which is a measure of the reduction in heterozygosity of a subpopulation due

to random genetic drift. There are three components to this index, Fit, Fst and Fis. Fit
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measures the global deficit in heterozygosity (over all populations), Fst measures the

heterozygote deficit among populations and is a measure of the Wahlund effect.

This value is zero when allele frequencies at sample sites are identical. Fis measures

the heterozygote deficit within populations; this value is zero when mating in a

subpopulation is random and approaches unity as the level of inbreeding increases.

Wright, however, did not describe how to estimate these indices from allele

frequencies in 'real' populations. Weir and Cockerham's (1984) modification

describes how to estimate F-statistics from allele frequencies. Thus, rather than

estimating F statistics from population heterozygosity values they used the variance

of allele frequencies within and between populations to estimate F-statistics. Weir

and Cockerham's notation is variance in allele frequency between populations (<f>),

within populations (f) and over all populations (F). For clarity the notation of

Wright will be applied to Weir and Cockerham's modification of Wright's F-

statistics. Weir and Cockerham's unbiased F-statistics were estimated using the

program FSTAT (Goudet 1995). Significance levels are calculated using

permutation tests, means and variances are calculated using a jackknifing procedure.

Two methods were used to estimate gene flow (Nm):

1. Wright's (1941) estimation of gene flow is given by the formula:

Nm= %(1/F(st)-1). This measure estimates gene flow from the difference in

frequency of every allele present in each of the sample sites. Nm is the effective

number of migrants and Fst is the variance in allele frequencies between
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populations. This method leads to the theoretical prediction that very few

migrants per generation are needed to homogenise populations (see section 3.1).

Wright (1951) noted that one migrant per generation is enough to prevent genetic

divergence between populations. However, according to Hartl (1987) there is a

general acceptance that migration rates >10 quickly lead to genetic homogeneity.

1. Slatkin's (1985a,b) estimation of gene flow is by private alleles given by the

formula Nm = e-{(in[p(l)+2.44)/0.505}/n/25 (see also Barton and Slatkin 1986).

This measure estimates gene flow from the presence and frequency of unique

alleles in sample sites. p(l) is the mean frequency of private alleles and n is the

average sample size per population. This method relies on the approximately

logarithmic relationship between Nem and the average frequency of alleles which

occur in only one of the populations (see Slatkin 1985, Slatkin 1987, Barton and

Slatkin 1986, Slatkin 1993).

Slatkin's private alleles method is independent of the mutational history of

individual alleles. This method derives gene flow from the extent to which

interchange prevents novel alleles from reaching high frequencies. Migration allows

less time for an allele to remain private.
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3.5.7 Population structure in E. ephippiger.

Table 10a. Estimation of fixation indices (Weir and Cockerham 1984) over all 1998 sample

sites across loci (Macrogeographic scale).

(Fst) (Fit) (Fis)
Mean over loci 0.241* 0.472* 0.300*

Standard deviation 0.071 0.095 0.061

*=P<0.001

Table 10b. Estimation of fixation indices (Weir and Cockerham 1984) over both 1997

sample sites across loci (Microgeographic scale).

(Fst) (Fh) (Fis)
Mean over loci 0.060* 0.299* 0.256*
Standard deviation 0.018 0.069 0.086
*P=<0.001

The high Fst values (see tables 10a, 10b) indicate that there is significant genetic

subdivision between populations on a macro (populations >5 km apart) and a micro-

geographic scale (populations <5 km apart). At both of these scales the highly

significant Fis values indicate that there is a high level of inbreeding within

populations. The Fit values show that there is a significant heterozygote deficit on a

global scale (i.e. across all populations), at both spatial scales.

If the individuals that are sampled are part ofbreeding sub-units within a larger

population, then measures of population subdivision can be artificially inflated.

This may then lead to incorrect conclusions concerning these populations. This

effect is caused by the sampling of closely related individuals, which are not

necessarily representative of the whole population. The sampling of closely related
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individuals cannot be discounted as a possible cause of the high Fst values observed

in this study.

Another factor that may artificially inflate Fst values is the high variability of

microsatellite loci. Hedrick (1999) states that significant levels of population

subdivision may not represent biologically meaningful population subdivision,

because of the increased statistical power of highly variable loci to detect very small

levels of subdivision. The biological relevance of genetic distances based on

allozymes were investigated in Drosophila by Coyne and Orr (1989), who found a

correlation between genetic distance and postzygotic and prezygotic reproductive

isolation. This gives some confidence that genetic distances based on allozymes do

have biological relevance. However, to date, no studies have investigated the

biological relevance of distance measures based on microsatellites. Hedrick (1999)

therefore suggests caution when assigning biological relevance to distance measures

derived from highly variable loci. Also, as discussed in chapter la, at high mutation

rates distance measures based on microsatellites are less likely to be reliable,

because of problems associated with a restriction on the upper size limits of

microsatellites which may ultimately cause size homoplasy. However, this

unreliability is likely to result in an underestimate of genetic distance measures.

Another factor which may inflate distance measures such as F-statistics, is the

demography of the populations under study. Hedrick (1999) points out that a

substantial reduction in population size (bottleneck) can also increase distance
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measures, and that following a bottleneck, genetic distance may increase very

quickly. Therefore, the high Fst values between populations of E. ephippiger in this

study could be related to historical reductions in population size.

3.5.7.1 Pairwise population structure, Fst

Table 11 shows pairwise population Fst values. Significance levels were adjusted

using the sequential Bonferroni technique (Rice 1989). Only four populations

showed non significant pairwise population subdivision: CA and CL, MP and CA,

CA and MA and CA and LO. Thus, most of the populations are genetically distinct.

Table 11. Pairwise Fs, (Weir and Cockerham 1984) over all loci across all 1998 sample sites

(Macro-geographic scale). Significant (P<0.0009) Fs, values are underlined.

MP CL AR CA PU MA LO SA

MP -

CL 0.0761 -

AR 0.1961 0.1642 -

CA 0.0122 0.0077 0.1107
PU 0.2599 0.2895 0.3901 0.3912 -

MA 0.1573 0.1414 0.2334 0.0576 0.3155 -

LO 0.0640 0.0462 0.1954 0.0391 0.2501 0.1310 -

SA 0.3490 0.3409 0.4172 0.2759 0.3944 0.3782 0.3160 -

3.5.7.2 Hierarchical population structure (AMOVA).

A hierarchical AMOVA was conducted by separating the populations into 3 groups

based on the morphological types defined by Harz (1969) cunii, cruciger and vitium

(see table 2). This analysis partitions the variance in allele frequencies into variance

in allele frequencies among groups, among populations within groups and within
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populations. Significance levels were calculated using a permutation procedure.

This analysis shows that the variance in allele frequencies between populations

within groups is much higher than the variance between the groups: cunii, cruciger

and vitium. Thus, the grouping of the populations by their morphological type (Harz

1969) is not supported by this analysis. This analysis was conducted on Arlequin

ver 1.1 (Schneider et al. 1997).

Table 12. AMOVA for hierarchical analysis of the populations. The populations are

separated into three groups depending on whether they conform to the three morphological

types defined by Harz (1969), cunii, cruciger or vitium (see table 2).

Source of variation Degrees of freedom Percentage of variation P

Among groups 2 6.29 NS

Among populations within
groups

5 16.56 <0.001

Within populations 390 77.16 <0.001

3.5.7.3 Test for population bottlenecks.

In order to test the hypothesis that the high population subdivision and low levels of

heterozygosity are the consequence of a population bottleneck (see 4.1 for

discussion), a test to detect a population bottleneck was carried out. This was

undertaken using the program Bottleneck (Cornuet and Luikart 1996), using 1000

permutations under the Two Phase Model ofmicrosatellite mutation, Di Rienzo et

al. (1994) (10% of mutations not conforming to a 2bp increase/decrease in size).

Populations that have experienced a recent reduction of their effective population

size exhibit a correlative reduction in allele numbers (k) and gene diversity (He, or

Hardy-Weinberg heterozygosity) at polymorphic loci. However, the allele numbers
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are reduced faster than the gene diversity. Thus, in recently bottlenecked

populations, the observed gene diversity is higher than the expected equilibrium

gene diversity (Heq) which is computed from the observed number of alleles (k),

under the assumption of a constant-size (equilibrium) population (Luikart et al.

1998). This procedure simulates the expected level of heterozygosity under the

assumption ofmutation drift equilibrium and then compares this with the observed

heterozygosity. To determine whether a population exhibits a significant number of

loci with gene diversity excess a two tailed Wilcoxon sign-rank test for heterozygote

deficiency or excess and a one tailed test for heterozygote excess are used. The

Wilcoxon test provides relatively high power and it can be used with as few as four

polymorphic loci and any number of individuals (15-40 individuals). However, 10-

15 polymorphic loci are recommend to achieve high statistical power (Luikart et al.

1998).

Table 13. Probability levels for a Wilcoxon sign-rank test for populations showing either a

heterozygote excess or deficiency across all loci (two tailed), and heterozygote excess (one

tailed).

Population Probability, two tailed test for Het
deficiency or excess

Probability, one tailed test for Het
excess

MP 0.22 0.11
CL 0.03* 0.02*
AR 0.03* 0.02*
CA 0.13 0.06

PU 0.25 0.13
MA 0.63 0.31
LO 0.06 0.03*
SA 0.31 0.16
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Both CL and AR show significant probability levels for the two tailed test for

heterozygote excess or deficiency. The one tailed test for heterozygote excess shows

that over all loci, populations CL, AR and LO have a heterozygote excess. However,

since this test is performed on eight populations the levels of significance have to be

adjusted for multiple comparisons (Rice 1989). Once this adjustment has been

made the heterozygote excess is no longer significant in any of the populations.

Also this analysis is likely to have low statistical power since only five loci are used

(Luikart et al 1998).

3.5.8 Indirect estimates of gene flow in E. ephippiger.

Table 14a. Nm estimates using both Slatkin's (1985) and Wright's (1931) methods, based

on Weir and Cockerham's (1984) measure of Fs, (see 4.0 for details), 1998 sample sites only

(Macro-geographic scale).

Slatkin

(1985a)
Wright (1931)

Nm over all populations 0.53 0.79

Wright's estimate ofNm is 0.79, whereas the Nm estimate based on Slatkin's

method is lower at 0.53 (macro-geographic scale). The average frequency of private

alleles p(l) is 0.113 and the mean sample size upon which the estimates are based is

24.816.
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Table 14b. Nm estimates using both Slatkin's and Wright's methods (see 4.0 for details),

1997 sample sites only (Micro-geographic scale).

Slatkin

(1985a)
Wright (1931)

Nm between populations 0.79 3.92

Wright's estimate ofNm is 3.92, whereas the Nm estimate based on Slatkin's is

lower at 0.79 (micro-geographic scale). The average frequency of private alleles is

0.079 and the mean sample size upon which the estimates are based is 25.

Oudman et al. (1990) concluded from the geographical patterns ofvariation in E.

ephippiger that there are no absolute barriers to gene exchange. They based this

hypothesis on the fact that the variation in E. ephippiger is roughly geographically

clinal. They also assumed that exchange between neighboring populations occurs

regularly. In the present study two estimates of gene flow were made: Slatkin's

(1985a) (table 14a) and Wright's (1931) (table 14b) methods. The results from both

of these methods are similar, particularly at the macrogeographic scale. However,

the micro-geographic estimates reveal a discrepancy between the methods. Slatkin's

method gives an Nm value of 0.79, compared to a value of 3.92 for Wright's

methods. However, indirect estimates of gene flow are unlikely to be very reliable

and are only likely to be correct within a few orders of magnitude (Whitlock and

McCauley 1999). Considering the unreliability of gene flow estimates, the

discrepancy between both estimates is small, and indicates that the level of gene

flow is low, even between neighboring populations. Low levels of gene flow

between populations ofE. ephippiger are therefore likely to have been instrumental

in causing the observed subdivision between populations. This finding is therefore
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inconsistent with Oudman et al.'s (1990) assumptions concerning the level of gene

flow in E. ephippiger.

As previously reported by Hartley and Warne (1984) populations of E. ephippiger

are often discontinuous and isolated. The cause of this discontinuity and isolation of

populations is unknown, although as pointed out by Oudman et al. (1990) is unlikely

to be due to lack of suitable habitat. This is because many areas of habitat suitable

for colonisation are not occupied (Oudman et al. 1990). Therefore, it is likely that

low levels of gene flow are caused by the inability ofE. ephippiger to disperse, even

over very short distances (<5 km). This inability may be related to the fact that E.

ephippiger is a bulky flightless insect (Hartley and Bugren 1986).

Two weeks of observations in 1997 at a single local (Pyrenees, Orientales),

indicated that dispersal distances in E. ephippiger are very low. This study involved

the mark and release of over 140 animals. Animals were marked after adult

eclosion. After approximately 10 days, and for the following five days, no

unmarked animals were present in a study area of 200x100 m, despite animals being

present in two adjacent fields. Also, throughout the whole study period, many of the

males did not move more than a couple of metres, whilst female movement around

the site was greater. The scale of this study is small and the results may not be

representative of the whole species, but it does lend direct evidence to support the

low indirect gene flow estimates. Whitlock and McCauley (1999) point out that it is
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important to integrate indirect estimates of gene flow with direct indicators of gene

flow.

Whilst the present study does not identify specific barriers to gene flow, the levels of

gene flow in E. ephippiger indicated from indirect methods and direct evidence do

indicate that barriers to gene flow exist. This is supported by Ritchie and Gleasons

(unpublished) data using mtRFLPs, showing that distinctive mtDNA forms of E.

ephippiger are found in different Pyrenean valleys. The genetic distinction between

Pyrenean valleys was also found in the present study (table 10a). In addition to this,

populations within Pyrenean valleys are distinct (table 10b). The latter finding

probably reflects the fact that mutation rates of microsatellites are high. This gives

microsatellites a higher genetic resolution over smaller periods of time than markers

with lower mutation rates.

3.5.9 Isolation by distance in Ephippiger ephippiger.

In 'Isolation by distance' or 'Continuum' models of populations (Wright 1943),

populations which are spatially close are more likely to exchange migrants than

spatially distant populations. This model has also been termed the 'Stepping stone

model' (reviewed by Felsenstein 1976, Slatkin 1985b, 1987). Slatkin (1993)

predicted that there would be a significant negative correlation between log10 Nem

and log10 of geographical distance, if populations are isolated by distance (Wright

1943). Pairwise Nm and pairwise geographical distance between sample sites can

be seen in table 15.
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Table 15. Pairwise Nm based on Slatkin's (1985a) method of estimating the effective

number of migrants (lower matrix) and pairwise geographical distance (km); (upper matrix),

1998 sites only.

MP CL AR CA PU MA LO SA

MP - 40 170 120 170 230 175 160

CL 3.408 - 160 90 170 200 90 150

AR 1.078 1.365 - 65 15 365 175 30

CA 1.770 1.870 1.023 - 75 310 105 65

PU 0.433 0.372 0.284 0.396 - 370 185 65

MA 1.385 1.585 0.874 2.961 0.335 - 205 355

LO 1.015 6.062 1.078 2.423 0.425 1.682 - 165

SA 0.473 0.492 0.356 0.402 0.231 0.414 0.547 -

A non-significant correlation, r2=0.039, P=0.317 (see figure 3), indicates that the

sampled populations of E. ephippiger do not show simple isolation by distance.

However, from figure three it looks as if there are two groups in the graph, above

and below the regression line. Further investigation revealed that the group of

points below the regression line are largely made up of pairwise comparisons of

populations with either the PU or SA populations. The group of points above the

line is made up of the rest of the populations. This has occurred because PU and SA

have the lowest pairwise Nm values (see table 15). Therefore, it seems that these

two Pyrenean populations share very little gene flow with either each other or with

any other populations. This may be related to the fact that they are found within

Pyrenean valleys and gene flow is restricted more by geography than distance.
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Since E. ephippiger seems to be limited in its ability to disperse, barriers to dispersal

may exist. Although distance does not seem to be the main barrier to gene flow,

other factors may be responsible. Such barriers may include rivers, altitudinal

barriers caused by mountains (E. ephippiger have not been found above 2050m,

Duijm 1990), and anthropogenic factors such as major roads and changes in land use

due to changes in agricultural practices.

3.5.10 Phylogenetic reconstruction of populations.

According to Takezaki and Nei (1996) microsatellite DNA seems to be very useful

for clarifying the evolutionary relationships between populations. Microsatellites

have been used in a number of studies for this purpose (e.g. Bowcock et al. 1994,

Roy et al. 1994, Pepin et al. 1995, Estoup et al. 1995, Deka et al. 1994 and Petren et

al. 1999).

At present there is veiy little consensus concerning the most appropriate distance

measures to apply to microsatellite data. Many distance measures have been

developed specifically for use with microsatellite data (e.g. (dp)2 Goldstein et al.

1995a, ASD Goldstein et al. 1995b and Rst Slatkin 1995), and these measures take

into account the length of the repeat arrays when calculating distance measures (see

chapter 2a). As previously mentioned microsatellites are thought to mutate under

the stepwise mutation model (SMM), but evidence has been provided which

suggests that the repeat lengths of microsatellites have size constraints (Valdes et

al. 1993, Bowcock et al. 1994). These size constraints make many traditional
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distance measures inappropriate, because alleles arising through mutation will not

necessarily be new alleles . Thus, microsatellite data are not likely to conform to the

infinite allele model of mutation. It has been suggested that as microsatellite

mutation deviates from the SMM, microsatellite data are more likely to conform to

the two phase model (TPM) or the infinite allele model (IAM) (Di Rienzo et al.

1994). The present study provides evidence that at least some microsatellite loci do

not conform to the strict SMM. This is because many alleles in E. ephippiger have a

length difference of lbp rather than 2bp, as predicted under the SMM (see appendix

3). Therefore, it does not seem appropriate to apply distance measures which

assume the SMM.

For the purposes of phylogenetic tree construction the evolutionary model that is

assumed is dependent on the coalescence times of the populations. This is because,

in recently diverged populations the most powerful force leading to divergence will

be genetic drift, whilst as the time since coalescence increases mutational changes

are likely to play a greater role in creating divergence between populations (Nichols

pers com). The coalescence times of the populations under study here are not

known. It may be appropriate to assume that the populations diverged during the

last ice age (>10000 ybp), however this assumption would only be appropriate if

there had been no genetic exchange between population since that time. This

assumption is unlikely to be satisfied by the populations under study here. Also,

earlier ice ages may have been important in the structuring of populations of E.

ephippiger. Because of the uncertainty about historical contact between different
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forms and populations, the uncertainty about the process creating the most

divergence between forms and populations and the coalescent times of the

populations, it is difficult to decide which distance measures to apply to the data in

this study.

Nei and Takesaki. (1996) used simulations to compare the accuracy of the

reconstruction of tree topologies using various distance measures. They concluded

that distance measures that are independent of mutational models are the most

accurate at reconstructing the correct tree topologies. These measures do not

include mutation terms, therefore the mechanism of divergence is presumed to be

genetic drift. This is unlikely to be true for microsatellites because of their high

mutation rates.

Despite the possibility that mutation is likely to have had an influence on the

divergence of the populations under study, only distance measures that are

independent of mutation terms are used, as suggested by Nei et al. (1996). It should

also be pointed out that phylogenetic trees constructed with a small number of loci

are not reliable (Nei et al. 1996, Goldstein et al. 1995a, Bowcock et al. 1994,

Feldman et al. 1997 and Zhivotovsky et al.1997).

Two different distance measures, allele sharing and Cavalli-Svorza and Edwards

(1967) chord distance were calculated and used to build unrooted phylograms. All

trees were constructed using the program Neighbor (Saitou and Nei 1987) in
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PHYLIP 3.5 (Felsenstein 1993). Multiple data sets were produced by bootstrapping

the original distance matrix 100 times in Bootstrap PHYLIP 3.5 (Felsenstein 1993).

The majority rule consensus phylogram was found using the Consense program in

PHYLIP 3.5 (Felsenstein 1993).

Saitou and Nei's (1987) Neighbour-joining method is a cluster analysis often used to

construct unrooted phylogenetic trees by successive clustering of lineages. This tree

construction method does not assume that all lineages are evolving at the same rate

(i.e. it does not assume an evolutionary clock, Felsenstein 1993). This is achieved

by normalising the divergence of each taxon for its average clock rate. This is an

advantage when using microsatellites, since there is evidence to suggest that

different microsatellite loci evolve at different rates (see chapter la).

3.5.11 Allele sharing distance between populations ofE. ephippiger.

Allele sharing is a measure of pairwise similarity (Ps) based on multiple locus

genotypes (in this case five loci). Ps is calculated as the proportion of shared alleles

averaged over loci, where Ps is the number of shared alleles summed over loci

/(2*number of loci compared). A distance measure is calculated from this by

subtracting Ps from 1 (Bowcock et al. 1994). This method was used in two different

ways. It was conducted on all individuals (to check how accurate the multiple locus

genotype allocates individuals to the populations from which they came) and it was

calculated for all populations. Davies et al. (1999) and Hedrick (1999) point out that

a shared-allele index is useful for identifying individuals as potential hybrids and/or
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migrants. This analysis was conducted on Microsat 1.5d (Minch et al. 1997, with

100 bootstraps). The allele sharing method of distance estimation does not assume

that the populations are in mutation drift equilibrium. It may therefore be useful for

investigating evolutionary relationships in nonequilibrium populations. However,

this distance measure assumes that differentiation arises through genetic drift alone.

This assumption is unlikely to be satisfied by microsatellite loci because of their

high mutation rate (see chapter la).

Table 16a. Pairwise distance matrix of 1-Ps. The distances between populations range from

0.481-0.920.

MP CL AR CA PU MA LO SA

MP -

CL 0.582 -

AR 0.709 0.670 -

CA 0.586 0.614 0.646 -

PU 0.802 0.855 0.850 0.750 -

MA 0.684 0.702 0.748 0.493 0.817 -

LO 0.517 0.481 0.740 0.503 0.805 0.702 -

SA 0.920 0.869 0.881 0.763 0.741 0.900 0.855 -

The highest genetic distance is between MP and SA (0.920), whereas the lowest

distance is between CL and LO (0.481).
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Figure 4. An unrooted intraspecific phylogram based on Ps-1 genetic distance (from 100

bootstraps) of 8 populations ofE. ephippiger, numbers at the nodes are the number of

times that this node appeared in 100 bootstraps of the data.

pu

SA

97

AR

48
MP

57

73

CL

52

LO

MA

72

CA

74



Chapter 2

3.5.12 Allele sharing distance between individual E. ephippiger.

As can be seen from figure 5, there is some clustering of individuals corresponding

to the population from which they were sampled. This is most apparent in the AR,

MA, PU and SA clusters. The AR cluster contains 32 individuals, 96% of which

come from the AR populations. The MA cluster contains 42 individuals, 100% of

the individuals sampled from the MA population are present in this cluster. The PU

cluster contains 100% of the individuals from the PU population and no individuals

from other populations. The SA cluster also contains 100% of the individuals from

the SA population, with no individuals from other populations. Where the above

clusters contain individuals derived from other populations they originate from

either CL, LO, MP or CA (cunii form). The clustering of 100% of the individuals

from the PU and SA populations into different groups containing no individuals

from other populations is due to the presence of fixed unique alleles in these

populations.

It is possible that those individuals that do not cluster according to their populations

represent hybrids. The cruciger form (CL, LO, MP, and CA populations), tended to

cluster in the same groups and this may represent extensive hybridisation between

these populations (figure 5). Further evidence to support this comes from the non

significant pairwise Fst values between some of these populations.

The individual tree, unlike the population trees, largely separates the three forms of

E. ephippiger. The CL, LO, MP and CA populations are generally found in the
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same clusters. Two of the cunii populations are also grouped together. However,

the AR population does not cluster with the other cunii populations. This may be

because this population is a hybrid between the cunii and vitium form. Further

evidence to support this comes from the syllable number in the song of this

population. Ritchie (1991, 1992) has shown that the type of song in E. ephippiger is

genetically determined and that crosses between monosyllabic and polysyllabic

forms produce F1 progeny that have song of roughly intermediate syllable numbers.

Since the song of the AR population is of an intermediate syllable number (~2) this

population may represent hybrids between monosyllabic vitium and polysyllabic

cunii/cruciger forms. The population which represents the vitium form (MA) is also

fairly well resolved, although some individuals of the cruciger form are present in

this cluster.
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3.5.13 Cavalli-Svorza and Edwards chord distance (1967)

Cavalli-Svorza and Edwards chord distance (1967) is calculated as

D2 = 4I[1-Ip,/i /'] Z(a-l)
m I lmi 2mi m m

where m indexes the loci, where i is summed over the alleles at the m-th locus,

and where a is the number of alleles at the m-th locus (Felsenstein 1993).

Populations are represented on the surface of a multidimensional hypersphere using

allele frequencies. D2 is the chord distance between the populations on this

multidimensional hypersphere (Takezaki and Nei 1996).

Table 16b. Pairwise distance matrix of Cavalli-Svorza and Edwards chord distance (1967).

The distances between populations range from 0.0560-0.2013.

MP CL AR CA PU MA LO SA

MP -

CL 0.0706 -

AR 0.1265 0.1201 -

CA 0.0975 0.1002 0.1156 -

PU 0.1410 0.1700 0.2013 0.1351 -

MA 0.1206 0.1134 0.1803 0.1338 0.1567 -

LO 0.0560 0.0488 0.1315 0.0821 0.1485 0.1161 -

SA 0.1764 0.1590 0.1934 0.1450 0.1461 0.1753 0.1494 -

The highest genetic distance is between populations AR and PU (0.2013), whereas

the lowest distance is between CL and LO (0.0488). These analyses reveal a

discrepancy between the two distance measures in that the allele sharing method

places MP and SA as the most genetically distant populations, but the Cavali-Svorza
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and Edwards chord distance places AR and PU as the most distant populations.

However, there is no such discrepancy between methods with the most genetically

close populations.
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Figure 6. An unrooted intraspecific phylogram based on average pairwise Cavali-Svorza

and Edwards (1967) chord distance (from 100 bootstraps) of 8 populations ofE.

ephippiger, numbers at the nodes are the number of times that this node appeared in 100

bootstraps of the data.
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The phylogenetic trees constructed in this study show some consensus in topology,

although the bootstrap values for most population groups are low. The SA and PU

populations are grouped together in both population trees with very high bootstrap

values; this may be expected since these populations are geographically very close

(figures 4 and 6 respectively) and both belong to the cunii form ofE. ephippiger.

Both trees also separate the MP, LO and CL populations (cruciger form) into the

same group, although the AR population is included in the same group in Figure 4.

This result is unexpected since the AR population is of the cunii form. The split

between cruciger and cunii is in agreement with Kidd and Ritchie (in press), who

separate these forms. The MA population is included in the same group as the cunii

group in CSE tree (figure 4), and this is also unexpected. This is because MA is the

only population which represents the vitium form of E. ephippiger and, as well as

occupying a different refuge during the last ice age, it is also the population which is

furthest away from the rest of the populations in terms of geographical distance

(table 5). This result is in disagreement with Ritchie and Gleasons unpublished data

which separates the vitium form from both the cruciger and cunii form. Although

phylogenetic trees based on few loci should be treated with caution, these results are

generally in agreement with a split between the cunii and cruciger forms as

suggested in recent work by Kidd and Ritchie (in press).

In contrast to previous studies by Oudman et al. (1990) using allozymes, and Ritchie

et al. (1997) using RAPDs, the genetic distances between populations in the present

study are high (tables 16a, 16b). Oudman et al. (1990) report genetic distances of

81



Chapter 2

0.0035-0.1198 between populations, which is within the range expected between

local populations (Menken and Ulenberg 1987). The present study reports distances

of between 0.0560-0.2013 for Cavali-Svorza and Edwards distance and 0.481-0.920

for the Ps distance. However, it should be remembered that these distance measures

are different, so strictly speaking they cannot be compared. Oudman et al. (1990)

useed Nei's standard genetic distance, which is linear with respect to time if

populations have remained in mutation drift equilibrium since they diverged. Also,

this distance assumes the IAM and that the mechanism creating divergence between

populations is genetic drift alone. None of these assumptions are met by

microsatellites, and thus it was deemed inappropriate to apply Nei's genetic distance

measure to the data in this study.

3.6 General discussion.

Levin's (1970) metapopulation model describes a system of populations in a patchy

environment. These populations become randomly extinct, but the sites occupied

can be recolonised. Whitlock and McCauley (1990) point out that many factors will

contribute to the structure ofpopulations which undergo founder events. Such

factors include the size of the colonising group, variance in the reproductive success

within colonising groups, the location from which the colonisers are drawn (migrant

pool or propagule pool, see also Slatkin 1977) and variance in the time of arrival.

Wright (1940) was the first to point out that "bottlenecks" or "founder events" in the

history of locally abundant species can be important in local genetic differentiation.

82



Chapter 2

The metapopulation model of populations predicts that the observed mean

heterozygosity will be low. This loss in heterozygosity is brought about by repeated

founder effects through the extinction and recolonisation of patches. The loss of

heterozygosity in such populations will be increased due to a rapid loss (through

genetic drift) of allelic diversity due to small population sizes.

The patchy distribution, the pattern of low heterozygosity in E. ephippiger and the

high genetic differentiation between populations is consistent with the predictions of

Levin's metapopulation model. However, the high allelic diversity within E.

ephippiger does seem at odds with the predictions of this model. However, it has

been shown that a loss of genetic variability would not be observed in markers with

high mutation rates (discussed in Grant and Little 1992, Gilpin 1987, Slatkin 1987,

Wade and Mcauley 1988, Whitlock and Mcauley 1990 and Gilpin 1991).

Metapopulation structure in E. ephippiger, if it exists, could have been caused by

vicariance events such as the contraction and expansion of populations brought

about by glacial events. Lande and Barowclough (1987) point out that recovery

from founder events is slow, although this is obviously dependent on the mutation

rate in relation to the recolonisation process. Nei et al. (1975) draw attention to a

property of average heterozygosity. They point out that once it is reduced to a low

level, it takes a long time for it to reach the original level. This may explain the

current levels of very low mean heterozygosity in E. ephippiger.
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During the recolonisation ofNorthern areas ofEurope following glaciations,

founder events are likely to have been common. This may have happened in the

way previously suggested by Hewitt (1993), Nichols and Hewitt (1994) and Hewitt

(1996) who stated that long distance dispersers would be able to set up colonies well

ahead of the main distribution, then later colonisers would contribute little to the

genetic makeup of the already founded population (founder events). According to

Nei et al. (1975) this form of colonisation, from the leading edge, will involve a

series of bottlenecks leading to a loss of alleles and a tendency towards

homozygosity. Whilst the allele numbers at the loci studied are still fairly high, even

within populations, there is no way of knowing the extent of allelic diversity before

a bottleneck. It may have been much higher than that seen today. Undoubtedly the

high mutation rate of microsatellites will have lead to the increase in allelic

diversity, since a founder event took place.

In order to test whether the levels of heterozygosity and the high Fst values were

caused by a reduction in population size (bottleneck), a test was performed which is

based on the theoretical prediction (Cornuet and Luikart 1996) and observation (e.g.

Luikart and Cornuet 1998) that populations which have undergone a recent

bottleneck will show an excess in heterozygosity compared to the level expected

under mutation drift equilibrium. This test indicates that none of the populations

have undergone a bottleneck. However, Cornuet and Luikart's test is only sensitive

to the effects of recent bottlenecks. Therefore, although the occurrence of a recent
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bottleneck may be rejected, the occurrence of a bottleneck further back into the past

cannot be rejected.

The phylograms generally support the separation of the 3 forms, cunii, cruciger and

vitium (Harz 1969). This result is therefore consistent with Kidd and Ritchie's (in

press) hypothesis that the 3 forms may have occupied different refugia during

Pleistocene glaciations. However, the results from the AMOVA reveal that on the

basis of allele frequencies there seem to be no grounds for the separation of the 3

forms. While these two results seem contradictory, repeated range contractions and

expansions caused by vicariance events and introgression between the Iberian forms

and the vitium form is likely to have had a large effect on both allelic distribution

and frequencies. Also, the poor ability of E. ephippigers to disperse coupled with

the high mutation rate of microsatellite loci will have had the effect of ensuring that

new alleles arising through mutation will remain private. This may have had the

effect of increasing the apparent distinctness of the populations to an extent where

differences between the forms are obscured.

Finally, uniform and stepping stone modes of dispersal were modeled by Hewitt

(1993) and Nichols and Hewitt (1994). The results of these simulations revealed

that patchworks of high and low gene frequency areas are produced, and these may

persist for hundreds of generations and become more fragmented with time. The

results of this simulation seem similar to the patterns found in E. ephippiger. This

suggests that glacial events may have had a large impact on the patterns of
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differentiation that are seen today in species such as E. ephippiger, as predicted by

Ritchie et al. (1997) Kidd and Ritchie (in press).

3.7 Conclusions

This study shows that the genetic variability at microsatellite loci in E. ephippiger is

high. This is in agreement with both the high morphological variation (Hartley &

Bugren 1986) and considerable variation in mating signals (Busnel 1963) found in

this species complex. Also the genetic distance between populations is high. This

contrasts with other studies (Duijm 1989, Oudman et al. 1990, Ritchie et al. 1997)

that found low genetic distances between populations of E. ephippiger. This is

probably related to the very high polymorphism of microsatellites. However,

Hedrick (1999) advises caution when applying biological relevance to distance

measures based on highly polymorphic markers.

This study demonstrates that genetic differentiation between populations of

E.ephippiger is high, and that differentiation between populations, is much greater

than the variation between forms (i.e. cunii, cruciger and vitium). The significant

genetic subdivision between most populations is probably related the inability of E.

ephippiger to disperse over long distances, as well as the presence of barriers to

dispersal such as mountain ranges, rivers and anthropogenic factors. It is also likely

that historical population size fluctuations associated with vicariance events have

increased the apparent levels of subdivision between populations (Hedrick 1999).
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The level of subdivision between Pyrenean valleys is also extensive, which is in

agreement with Ritchie and Gleason's unpublished data. The results of this study

indicate that this is likely to be due to a lack of gene flow between Pyrenean valleys.

As well as significant levels of population subdivision between Pyrenean valleys,

two populations within the same Pyrenean valley are also genetically distinct. This

surprising result is probably related to the high power of microsatellite markers to

detect low levels of genetic subdivision (see Hedrick 1999).

Although the variance in allele frequencies between the populations is greater than

those found between the forms, the separation of the cunii, cruciger and vitium

forms is, to some extent, supported by the phylogenetic trees. This result is in

agreement with the separation of the three forms by Kidd and Ritchie (In press). It

is therefore possible, as suggested by Kidd and Ritchie, that the cunii, cruciger and

vitium forms ofE. ephippiger did occupy separate refugia during Pleistocene

glaciations.
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Chapter 3

Adaptive maternal effects on egg diapause in a bushcricket, Ephippiger

ephippiger; "Not putting all your eggs into one season"

4.1 Abstract.

Diapause is a term used to describe an arrest in the development of insects as adults, eggs

or embryos, and allows survival during adverse environmental conditions. The aim of
this study was to investigate the within population effects ofmaternal age on the

proportion of eggs that entered initial diapause in E. ephippiger. Results indicate that
even in the absence of abiotic cues such as temperature and photoperiod E. ephippiger
are able to increase the proportion of their eggs that enter diapause as they age. However
females laid significantly different proportions of diapause eggs, but the effect of age

was similar across all females. There was a significant difference between females in egg

mortality but egg mortality is not influenced by female age. Also, there was a significant
difference between females in the rate with which fecundity declined. This diapause

response to age is explained as an adaptive female strategy controlling egg diapause

through phenotypic plasticity and bet hedging strategies. Results indicate that females
are hedging their bets by diversifying their offspring and effectively spreading

ontogenesis over several seasons. These results suggest that the reproductive strategy in
E. ephippiger is analogous to the classic example ofbet hedging, seed dormancy in
annual plants.

4.2 Introduction.

The term diapause as a stage in the developmental biology of insects was first

introduced by Wheeler (1893). This term is used to describe an arrest in the

development of insects, as adults, eggs or embryos. Diapause allows the survival

of insects during adverse climatic or environmental conditions (Danks 1987,

Mousseau and Dingle 1991). The development of the insect ceases, and is only

resumed when more favourable conditions return.
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The environmental factors contributing to the onset of diapause in insects have

been particularly well studied (reviewed by Danks 1987 and Mousseau and

Dingle 1991). The physiological factors controlling the expression of egg

diapause have also been studied and are thought to be largely under hormonal

control, which is likely to be mediated by environmental factors acting upon

females (see Denlinger 1985). Maternal effects may be caused by hormones

transmitted from the female to her eggs. Diapausing Hormone (DH) is

responsible for maternal control of diapause in many lepidopterans (Fekuda

1951, Hasegawa 1951, Denlinger 1985, Kind 1965). In other insects,

ecdysteroids and Juvenile Hormone (JH) are thought to play a role in diapause

(Gregg et al. 1987 and Denlinger 1985 Hardy and Lees 1985).

An example of a species that exhibits egg diapause is the striped ground cricket

Allonemobius fasciatus. As the growing season progresses and winter

approaches, the incidence of embryonic egg diapause in this species increases.

This is thought to be due to maternal effects mediated through a reduction in

maternally perceived photoperiod and temperature as the season progresses

(Sarai 1967, Mousseau andRoff 1989, Mousseau 1991).

Many tettigoniids, including Ephippiger ephippiger, have two stages in their egg

development at which diapause can occur (Hartley 1990). The first diapause is

facultative and can occur directly after the egg has been laid. The second

diapause is obligate and occurs at a very late stage in embryological development

(Catatrepsis, Stage 23, Warne 1972, Hartley and Warne 1972, Hartley 1990).

Ingrisch (1986 a,b,c) points out that periodic droughts and fires frequently occur
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in southern Europe. In species which do not have egg diapause (annual species),

an individual's reproductive output may be completely destroyed by such

conditions. However, egg diapause allows the survival of at least some of an

individual's offspring until subsequent years which may be more favourable for

growth and reproduction. Ingrish (1986a) identified day length perceived by the

mother as an important factor determining the proportion of eggs that entered

diapause in tettigonids.

The influence of maternal age on egg diapause in tettigonids within a single

population has not been studied in detail and, as noted by Ingrish (1986b), is

worthy of further investigation. Ingrish (1986b) took a cursory look at the

influence of maternal age on Tettigtonia caudata and found that when T. caudata

were maintained in constant photoperiodic conditions they laid diapausing eggs

for only a small proportion of their life. At LD 16/8 and 18/6 females laid non-

diapause eggs at a high frequency for the first week but after two weeks females

laid 100% diapause eggs until the end of their egg laying life (four weeks).

Mousseau (1991) also looked at the effects of maternal age on the production of

diapause eggs in A. fasciatus. This species is capable of producing one or more

broods that hatch in the same year (voltine). Populations in the north are

univoltine whereas in the south they can be bivoltine or even multivoltine

(Mousseau 1991). Mousseau found that bivoltine populations showed age

related diapause effects, in that the production of diapause eggs increased with

the number of days since first oviposition. However, there were no such effects

in univoltine populations. Mousseau put forward the hypothesis that in
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univoltine populations age related effects would not have evolved because the

season is rarely long enough to support two generations. Mousseau suggested

that age related egg diapause effects can be seen as an adaptive mechanism for

life history regulation in populations where the growing season is long enough to

support a second generation.

Like A. fasciatus and T. caudata, eggs laid by E. ephippiger may or may not

enter diapause (voltinism). However, it should be pointed out that the diapause

in A. fasciatus is analogous to the first diapause in E. ephippiger and many other

tettigoniids, because the second egg diapause in most European Tettigoniids is

facultative. Eggs which enter an initial diapause in E. ephippiger need a period

of cooling (approximately one month) to break the initial diapause and allow

them to restart development. Eggs that develop to catatrepsis without an initial

diapause (Warne 1972) enter an obligate second diapause at the onset of winter,

and can hatch between 2-5 years after they were laid (Hartley and Warne 1972).

Although evidence suggests that E. ephippiger has a mainly biennial life cycle

(Dumortier 1967, Ingrisch 1985), there may be an annual component to their life

cycle in some populations (Hartley and Warne 1972). However, an annual life

cycle is only possible if eggs do not enter an initial diapause.

Two evolutionary strategies are thought to underlie the incidence and selection

pressures responsible for egg diapause in insects. However, these two

hypotheses are not mutually exclusive.
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4.2.1 Bet hedging.

The term bet hedging was introduced by Slatkin (1974) (see also Gillespie 1974)

and is used to describe the trade off between the mean and variance of fitness.

This is acheived because the geometric mean fitness of a genotype can be

increased by reducing the variance in fitness over generations (Philippi and Seger

1989). Thus, organisms produce a variety of offspring phenotypes to ensure that

at least some will be suited to unknown future conditions (Cohen 1966). This

strategy may result in non-optimal phenotypes in certain years. However, across

generations this strategy will be favoured since it ensures that at least some

offspring will be adapted to the prevailing environmental conditions of that year.

The classic example of bet hedging is seed dormancy in plants whereby the

germination of an annual plant's seeds is spread over a number of years

(Bradford and Roff 1993). This is thought to be because some years may be

completely unsuitable for growth and reproduction (Cohen 1966). If the cues for

the end of the season are constant then there is predicted to be a sudden shift

from the production of non diapause to diapause eggs for all members of a

population (Cohen 1970, Phillipi and Seger 1989). However, if the cues for

impending harsh environmental conditions are variable then a graded diapause

may be expected.

4.2.2 Phenotypic plasticity.

Phenotypic plasticity is the ability of a given genotype to express different

phenotypic traits depending on the prevailing environmental. Most studies to

date concerning diapause strategies in insects have shown that environmental

factors mediated either directly on offspring/eggs or maternally (cross-
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generational phenotypic plasticity, Rossiter 1996) affect the proportion of eggs

that enter diapause (see Delinger 1985, Ingrisch 1986 a-c, Danks 1987,

Mousseau and Dingle 1991). If environmental cues determine the proportion of

eggs that enter diapause, whether they act across generations or within a

generation, it is referred to as phenotypic plasticity.

If there is high interannual variability in season length the optimal date for a shift

to diapause egg production will be uncertain. Thus, with variable season lengths

it is predicted that both bet hedging and phenotypic plasticity will be favoured,

resulting in a gradual transition between the production of non diapausing to

diapausing eggs as the season progresses (Bradford and Roff 1993).

4.3 Aims.

As previously stated E. ephippiger potentially has two diapauses; the initial

diapause is facultative and occurs soon after eggs are laid, the second is obligate

and occurs at a late stage in embryological development. The aims of this study

were to investigate the effect of the number of days since first oviposition (start

of reproductive life) on the proportion of eggs that enter the initial diapause in E.

ephippiger. The among female (within population) variation in the effects of

maternal age on the production of first diapause eggs was examined in detail.

Bradford and Roff (1993) emphasised the need to look at the level of the

individual when studying phenotypically variable life history strategies because

in their study of diapause in A.fasciatus they found significant differences

between female diapause strategies within a single population. Also, the effects

of maternal age on fecundity and egg mortality were examined.
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This study is only concerned with maternal effects that are independent of

variable abiotic factors such as photoperiod or temperature. Therefore, potential

bet hedging strategies are being examined, rather than the influence of

environmental determinants on diapause egg production (phenotypic plasticity).

The form ofE. ephippiger used in the experiment was collected from the south

ofFrance, where there is considerable variation in season length, since the first

frosts of the winter will effectively terminate the growing season and their onset

is highly variable. As well as the harsh conditions associated with winter, E.

ephippiger are also subject to periodic droughts and fires, especially around the

Mediterranean coast. In the absence of variable environmental cues such as

temperature and photoperiod predict that the number of eggs that enter an initial

diapause would increase with maternal age. If either photoperiod or temperature

are the main factors controlling the proportion of eggs entering diapause, I

predicted that there would be no relationship between female age and the

number of eggs that enter an initial dispause.

E. ephippiger is a good model species because, unlike many insects that have

been studied, they are univoltine. Therefore, the initial facultative egg diapause

seems very similar to the classic example of a bet hedging strategy that is shown

in annual plants (Hartley 1990), whereby seeds produced one year may develop

over a number of subsequent years. There have been few studies that have

concentrated solely on the effects of maternal age or laying order effects on the

proportion of eggs which enter diapause within a single population. To date,

there have also been no detailed studies investigating the egg diapause response
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over the entire reproductive life of the female (cf. Ingrish 1986 a,b,c, Mousseau

and Roff 1989, Mousseau 1991, Bradford and Roff 1993, Olvido et al. 1998).

4.4 Methods.

Crickets were collected in the Montagne de la Gardiole, Herault, France in 1997.

All experimental animals were F1 offspring of these crickets. Crickets were

reared and maintained during the experiment at 25°C± 2°C on a 12:12 h light

dark (LD) cycle.

Fifteen adult females were housed in mating cages (-45x30x30 cm) for at least

two days prior to the start of the experiment. Males were then introduced to the

females. Once females had mated they were placed in seed propagators

(-25x15x15 cm) with oviposition tubs filled with silver sand. Females were

between 2-3 weeks post adult eclosion at mating. Female crickets were fed ad

libitum on pollen, fish flakes and cabbage. E. ephippiger lay eggs singly and

these were collected approximately every 7 days and the number of eggs were

counted. Following Mousseau (1991), eggs in these weekly collections were

arbitrarily defined to represent a single clutch. Eggs were placed in petri dishes

with damp cotton wool covered with filter paper and placed in an incubator on a

12:12 LD cycle at 25°C. Eggs were checked for development approximately

every 10 days and dead eggs were removed. If eggs appeared healthy with no

signs of development at 100 days, they were considered to have entered an initial

diapause (see Hartley and Warne 1972, Warne 1972, Hartley 1990).
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4.4.1 Statistical analyses.

All proportional data were normalised by arcsine transformation. The proportion

of eggs that entered diapause, female fecundity and egg mortality were analysed

using an analysis of covariance (using the GLM procedure of 'Minitab') with

family as a factor and either days since first oviposition or female age as factors

and either female age or days since first oviposition as covariates. The number

of eggs per clutch was used as a weighting factor for the proportional data

(diapause and mortality). Since this study is primarily concerned with clutch

order effects rather that female age per se, the use of number of days since first

oviposition seems appropriate when investigating the proportion of eggs entering

diapause and is in agreement with similar studies (e.g. Mousseau 1991).

4.5 Results.

Twelve females out of 15 laid eggs that developed. This was presumably due to

failed matings (females were mated once only). The mean reproductive output

of the 12 females was 254 eggs, range 71-524. Of a total of 3044 eggs laid by

the 12 females, only 1263 (42%) survived to 100 days. Throughout their

reproductive life all females laid egg clutches that either all entered initial

diapause or none entered initial diapause. However, this was not permanent (see

figure I).
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Figure 1. Scatter plot of the proportion of diapause eggs laid against female egg laying

life.
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Analysis of the proportion of eggs which survived that entered diapause shows

that there was a highly significant relationship between the proportion of eggs

that enter diapause and the number of days since first oviposition (Figure 1).

Also, there was a significant difference between females in the proportion of

eggs that entered diapause, but the effect of age was similar across all females.

Table 1. Analysis of covariance of the proportion of eggs that entered an initial

diapause and regression coefficients for covariates.

Source of variation Coefficient (SD) DF MS F P

Female 11 3.713 2.02 0.035

Days after first eggs laid 0.3166 (0.0515)
0.0050(0.0017)

1 15.579 8.48 0.005

Female x Days after first eggs
laid

11 2.129 1.16 0.327

Error 89 1.838 - -
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Table 2. Analysis of covariance of egg mortality (Proportion of eggs laid, that died).

Source of variation Coefficient (SD) DF MS F P

Female 11 11.471 2.38 0.011

Female age 0.4937 (0.0739) 1 13.103 2.27 0.102

Female x Female

age

-0.00208 (0.0013) 11 5.200 1.08 0.385

Error 119 4.825 - -

Table 3. Analysis of covariance of female fecundity.

Source ofvariation Coefficient (SD) DF MS F P

Female 11 3237 2.36 0.011

Female age 92.0120(8.970) 1 21503 15.70 0.000

Female x Female -0.5550 (0.140) 11 2942 2.15 0.022

age
Error 119 1370 - -

There was also a significant difference between females in egg mortality, but egg

mortality is not influenced by female age (table 2). Table 3 shows that fecundity

was significantly different between females and that there was a highly

significant relationship between female age and the number of eggs laid. Also,

there was a significant interaction between females and female age; that is,

females varied in the rate with which fecundity declined.

4.6 Discussion.

The sense of malaise hypothesis (Prokopy et al.1993) predicts that females will

increase their egg laying rate over their reproductive life in response to

impending death. This is thought to be adaptive since egg dumping towards the

end of the reproductive life will ensure that eggs that have already received

investment are laid before the female dies. This study does not provide evidence

for the sense of malaise hypothesis since the number of eggs a female laid
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declined with female age. This might be predicted if the cue to impending death

was environmental, such as a reduction in temperature and/or photoperiod, but

these conditions were kept constant in this experiment. However, Olvido et al.

(1998) also found no evidence for the sense of malaise hypothesis in an

experiment conducted on A. socius, in which environmental change over

reproductive life was simulated. Similarly Olvido and Mousseau's results

actually ran contrary to the predictions of this hypothesis because females laid

more eggs in summer-like conditions compared to Autumn-like conditions, even

though Autumn-like conditions are expected to occur towards the end of a

females life.

Interestingly there was a significant difference between females in egg mortality.

This may be due to females receiving different quantities of sperm at mating.

Some females may have received smaller quantities of sperm at mating, which

resulted in their not having sufficient sperm to fertilise all the eggs that they laid.

However, there was no relationship between egg mortality and female age, which

may have been expected if females used up sperm as they got older. The lack of

a relationship between female age and egg mortality is probably because the

depletion of sperm will be a function of the number of eggs that a female lays,

the amount of sperm she received and female age when eggs were laid.

There was a significant difference in fecundity between females. This suggests

that there is genetic variation for maternal egg laying traits. This supports

similar findings by Olvido and Mousseau (1998) in A. socius.
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Phenotypic plasticity relies on environmental factors acting upon a genotype to

produce a variable phenotypic response which depends on a given environment.

Previous studies on diapause strategies of insects have generally found that

phenotypic plasticity is the cause of a variable egg diapause response (reviewed

by Danks 1987, Mousseau and Dingle 1991). The main factors determining the

proportion of eggs which enter diapause are photoperiod and/or temperature.

These abiotic factors may act either maternally or directly on eggs.

Danks (1987) stated that the frequency of diapause eggs laid generally increases

with maternal age. However, Mousseau (1991) refutes this generalisation

because different populations ofA. fasciatus display dramatically different age

related effects depending upon the seasonal characteristics of the locations from

which the populations were collected. The present study supports Dank's

statement because there was a significant relationship between the proportion of

eggs that entered diapause and time since first oviposition. However, within a

single population ofE. ephippiger, there was a significant difference in the mean

proportion of eggs that entered diapause between females (see table 1). This

may therefore reflect genetic variation for the overall number of eggs that enter

an initial diapause.

The results of the present study are in contrast to Ingrisch's (1986a) study on T.

caudata, since at no point in any female's life did E. ephippiger switch from the

production of solely non diapause eggs to solely diapause eggs. Females did lay

clutches that consisted of all diapausing or non diapausing eggs, but this
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switching between egg types was not permanent in any of the females and

happened throughout the females' lives.

As stated earlier, Mouseau (1991) found age related diapause responses in

multivoltine populations of the ground cricket A. fasciatus. However, the life

history of this species differs from either E. ephippiger or T. caudata. This is

because A. fasciatus have the potential for producing multiple generations a year,

whereas most tettigonids do not have this ability. The age related diapause

response in multivoltine species allows the production of more than one

generation a year. However, in E. ephippiger, the age related diapause response

will determine not how many generations are produced in one year but into

which year the eggs will hatch.

If photoperiod or temperature were the main factors controlling the production of

diapause eggs, it was predicted that there would be no relationship between egg

laying order and the proportion of eggs that entered diapause. However, the

proportion of eggs that entered the initial diapause increased with the number of

days since females first started ovipositing. Bradford and Roff (1993)

emphasised the need to work at the level of the individual when looking at

phenotypically variable life history strategies because averaging the proportion of

eggs entering diapause over all the females in their study masked the shape of

individual responses to their experimental variables (i.e. photoperiod and

temperature). This is in agreement with the present study because each female

laid significantly different proportions of diapause eggs throughout their lives.

This may therefore be evidence ofbet hedging, since the females are using a risk
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spreading strategy by diversifying their offspring (Bradford and Roff 1993). This

has probably evolved because of uncertainty about future environmental

conditions (Cooper and Kaplan 1982).

Because environmental conditions in this study were kept constant, the

significantly different proportions of diapause eggs laid over reproductive life

between females may indicate that there is genetic variation contributing to the

propensity to lay diapause eggs. According to Gillespie (1977) inter-female

variation should be low as a result of stabilising selection on the strategy that

maximises the geometric mean rate of increase. However, as pointed out by

Mousseau and Dingle (1991), individual genetic variation can be maintained in

populations due to interannual variability in season length. A large interfemale

variability in diapause egg production was also found in Gryllus firmus (Walker

1980) and A. fasciatus (Bradford and Roff 1993) and both of these species come

from seasonally unpredictable environments.

Bradford and Roff (1993) point out that a graded diapause response is only an

example ofbet hedging when it occurs among a family of progeny so that the

parents are using a risk-spreading strategy by diversifying their offspring.

Mousseau and Dingle (1991) stated that this is most obvious in egg diapausing

species where the female parent has nearly complete control over diapause

expression in her offspring. High maternal control over the incidence of

diapause in eggs is expected in species which diapause at a very early stage in
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embryonic development (Riska 1991), because environmental changes can be

gauged only when a functional nervous system has developed (Olvido et al.

1998). The initial diapause in E. ephippiger does occur early in embryological

development, and since the environmental conditions in this study were kept

constant, it seems that the control of diapause egg production in E. ephippiger is

largely under maternal control.

Mousseau (1991) pointed out that although maternal factors may influence the

proportion of eggs that enter diapause, abiotic factors acting in the field may

supercede these effects. However, both maternal effects and environmentally

induced effects are likely to be acting in unison in the field. Phenotypic

plasticity would allow females to 'fine tune' their ability to control the number

of eggs that enter diapause as the season progresses.

If environmental cues for the end of the season are not variable, it is predicted

that egg diapausing species should suddenly shift from the production of

nondiapause eggs to diapausing eggs. Cues for the end of the season in the

southern France include a gradual decrease in photoperiod, temperature and the

variable onset of the first frosts of winter and these cues are temporally variable.

Also, the incidence of drought and fire are not predictable. It is therefore not

surprising that a sudden shift between the production of the two eggs types was

not observed in any of the females (see figure 1).

Adaptation to a particular environments can only be achieved if there is genetic

polymorphism for a trait. Mousseau and Roff (1989) demonstrated that there is
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high heritability of diapause expression in A. fasciatus. They also demonstrated

high polymorphism between populations on a north-south cline in this species

and that the proportion of diapause eggs laid by females is strongly positively

correlated with the season length along the cline. In a seasonally variable

environment polymorphism in diapause response will not be subject to strong

stabilising selection. This will result in the maintenance of polymorphism within

a single population controlling the total proportion of eggs that enter diapause.

This may extend to E. ephippiger. Since the cue for the end of the season is

highly variable and they are unable to produce eggs that will develop and hatch

in the year that they were laid, they have adopted a bet hedging strategy. This

strategy allows them to lay eggs which can hatch over a number of years. In this

way even if some seasons are unsuitable for growth and reproduction due to

drought fire or bad weather, then at least an individual has a chance that some of

her eggs will hatch into a season that will allow for their survival and

reproduction.

Some E. ephippiger eggs enter an initial facultative diapause whilst others

develop to the second obligate diapause. It is only those eggs that develop to the

obligate diapause in one season that have any chance of hatching within the next

two seasons. The eggs that enter an initial diapause will not be able to hatch

until they have also been through the obligate diapause, which is only terminated

after approximately three months of cooling (Hartley and Warne 1972, Dean and

Hartley 1977b). The time of egg laying to egg hatching is likely to take a

minimum of two years and possibly five years or longer. In this way E.

ephippiger females are not putting all their eggs into one season. Instead they
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are hedging their bets. It therefore seems that the reproductive strategy of E.

ephippiger is truly analogous to the classic example ofbet hedging, seed

dormancy in plants.
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Chapter 4

The temporal population genetics of a species with a plurennial life cycle,

Ephippiger ephippiger.

5.1 Abstract.

Studies on the developmental biology of the egg stage ofE. ephippiger suggest that

under artificially controlled laboratory conditions this species is capable of an annual life

cycle. They are able to achieve this because they do not enter a facultative initial

diapause. However, evidence from experiments culturing E. ephippiger under outdoor

(semi-natural) conditions indicate that it has at least a two year life cycle. This study uses

polymorphic microsatellite markers to investigate whether E. ephippiger is capable of an

annual life cycle within Pyrenean populations. Genetic results indicate that temporal

samples (between consecutive seasons) from the same site are more heterogeneous than

contemporary spatially close populations. This result is consistent with there being no

annual component in populations. However, alternative hypotheses to explain this result

are discussed.

5.2 Introduction.

5.2.1 Tettigonid life cycles.

Embryological development in most western Palaearctic Tettigoniidae can last

more than one year, at least optionally (Boldyrev 1928, Regan 1929, Senfft 1938,

Chauvin 1943, Feodorov 1962, Tschetyrkina 1966, 1971, Hartley and Dean 1974,

Dean and Hartley 1977a-c, Ingrisch 1979a,b, Deura and Hartley 1982, Ingrisch

1986a-c, Hartley 1990). This can be achieved because many tettigoniids exhibit

egg diapause (see chapter 4).
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Many tettigoniids, including Ephippiger ephippiger, have two stages in their egg

development at which diapause can occur (Hartley 1990). The first diapause is

facultative and can occur directly after the egg has been laid. The second

diapause is obligate and occurs at a very late stage in embryological development

(Catatrepsis, Stage 23, Warne 1972, Hartley and Wame 1972 and Hartley 1990).

The ability to enter diapause allows many tettigonids to spread their ontogenesis

over several years. Ingrisch (1986a-c) termed this a plurennial life cycle.

Hartley and Warne (1972) conducted a detailed study into the egg developmental

biology of western European Tettigoniidae, including E. ephippiger collected

from the Pyrenees Orientales, France. They found that approximately two-thirds

of E. ephippiger eggs developed to whole embryos (catatrepsis, Warne 1972) in

around 80 days, when kept at a temperature of 25°C. Egg development to the

whole embryo stage was even more rapid when eggs were incubated at 30°C for

20 days followed by 25°C for 30 days. These developing eggs did not enter an

initial facultative diapause. The obligate second diapause required a cooling at

10°C for 60-100 days in order to break the diapause, although the best hatching

results were obtained at the longer cooling periods, when eggs began hatching

approximately 21 days after they were transferred to 16°C. Dean and Hartley

(1977a) concluded that there is considerable asynchrony in the start of

development in E. ephippiger and the developmental rates between eggs of any

one batch vary considerably (cf. chapter 4). It is clear from these results that in

the laboratory many eggs can complete their development and hatch the year

after they were laid (see figure 1). In contrast to laboratory developmental rates,
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Dumortier (1967) and Ingrisch (1985) recorded hatching in E. ephippiger under

natural conditions and showed that they have at least a two year life cycle.

Figure 1. Diagram illustrating the life cycle of E. ephippiger in the laboratory. A large

proportion of eggs reared the laboratory can complete their life cycle in 1 year (Hartley

and Wame 1972, pers. obs.) (A) However, even in the laboratory some eggs enter an

initial diapause and may take a number ofyears to complete their life cycle (B).

without

Eggs Initial
diapause

Summer Winter

Catatrepsis

Second

diapause

Summer Winter Summer

Hatch

B
Catatrepsis

Second

diapause

Hatch

5.2.2 Thermal constraints on embryological development.

Contrasting results between the rate of embryological development in the

laboratory under controlled environmental conditions and under natural (outside)

conditions is not surprising considering that egg development in the

Tettigoniidae, like many other insects, is temperature dependent. For example,

Hartley and Ando (1988) reported that there is a strong positive correlation

between egg development rate and temperature in Ruspolia differens and Hunter

-Jones (1970) reported similar findings in Locusta. Hartley (1990) pointed out
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that the developmental temperature range does have upper and lower limits and

these vary between species. Developmental rate is therefore dependent on the

thermal background of the environment. If the thermal input in one year is

insufficient to complete a life cycle then individuals must spread their

ontogenesis over several years if are to survive (Ingrisch 1986a).

5.2.3 Potential consequences of life cycles on temporal population genetics.

Hardy-Weinberg equilibrium (HWE) is a null model which is often adopted for

population genetic studies. This model states that gene frequencies will remain

constant from year to year providing that the population is large, randomly

mating, there is no migration, no mutation, equal sex ratio and there is no

selection. In annual species, or in species with an annual cohort to their

populations (i.e. a proportion of the population), under Hardy-Weinberg

assumptions, samples from different seasons will form one genetically

homogeneous population. However, extended life cycles may result in genetic

heterogeneity between seasons. For example, periodical cicadas of the genus

Magicicada have life cycle lengths of either 13 or 17 years. As well as this, they

have different year classes within the two life cycle lengths. Year classes are

defined as a class of individuals that hatch within a given year. Thus, different

year cycle lengths and year classes within a given life cycle length are often

reproductively isolated from each other. This temporal reproductive isolation

probably contributes to mitochondrial divergence between year classes within a

life cycle length and between life cycle lengths in Magicicada (Martin and

Simon 1990). Another example of divergence between temporally isolated

populations is in the pink salmon, Oncorhynchus gorbuscha. In this species the
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divergence is thought to be caused by the presence of two broodlines which mate

and spawn in the same rivers either in odd years or even years. Over time this

two year mating/spawning cycle is thought to have led to patterns of genetic

divergence in both mtDNA and allozymes between temporally isolated

populations (i.e. odd /even year populations) (Aspinawall 1974, McGregor 1983,

Altukhov et al. 1983, Beachham et al. 1985, Brykov et al. 1995).

As stated earlier E. ephippiger has an extended life cycle and this may result in

populations from one year to the next being genetically distinct. This is because

there will effectively be no gene flow between consecutive years. Wright (1951)

noted that one migrant per generation is enough to prevent genetic divergence

between populations. However, according to Hartl (1987) there is a general

acceptance that migration rates >10 quickly lead to genetic homogeneity. A lack

of gene flow between seasons may therefore lead to genetic divergence. Hartley

(pers comm.) informs me that it is not unusual to find large variation in the

morphology of E. ephippiger at the same sites between seasons. This anecdotal

evidence of variation in morphology between years may be partly explained by

populations between years being genetically distinct.

5.3 Aims.

The aims of this study were to investigate the population genetics of E.

ephippiger ffom a single site over two seasons. I predicted that if there is an

annual cohort (a proportion of the population) in populations of E. ephippiger,

then gene frequencies between seasons would remain constant. However,

significant differences in gene frequencies between years would be compatible
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with there being no annual cohort within populations of E. ephippiger. This

prediction was tested using Weir and Cockerham's (1984) modification of

Wright's (1941, 1969) F-statistics. Also, I attempted to quantify the extent of the

annual cohort (if any) within a population using Wright's (1941) and Slatkin's

(1985) indirect estimates of gene flow. For comparative purposes I compared the

levels of population subdivision and gene flow between seasons with those from

spatially close contemporary populations (<5 km apart) collected within the

same season (S97 and LL97, see also chapter 3).

5.4 Methods.

Crickets were collected within a small area (100 x 100 m) from Sauto and LLar,

Pyrenees Orientales, France in 1997 and 1998 (see chapter 2 table 2 for

approximate location). See chapter 2a for molecular methods and chapter 3 for

statistical methods.

Table 1. Sample site locations, year sampled and number of individuals sampled per

site.

Population Year sampled Sample size
Sauto 1997 25

Sauto 1998 25

Liar 1997 25

Sample sizes for all populations were 25. Temporal population samples were

collected from Sauto in 1997 and 1998 (see appendix 4 for more details). For

comparative purposes Liar 1997 is included in analyses in order to compare

temporal genetic variation in E. ephippiger with variation between contemporary

spatially close populations (i.e. Sauto 1997 and Liar 1997).
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5.5 Results.

Loci BC69, BC67 and BC52 across all sample sites (pooled) show a significant

heterozygote deficit (table 2) and are therefore not in Hardy-Weinberg

equilibrium (see table 3). Locus BC299 is in Hardy-Weinberg equilibrium and

BC633 is monomorphic across all sample sites.

Table 2. Hardy-Weinberg test, at all loci across sample sites.

Locus Chi-square df P-value Heterozygote

BC299 3.2 4 NS -

BC633 Monomorphic - - -

BC69 16.8 6 0.0102 Deficit
BC67 28.9 6 0.0001 Deficit
BC52 15.6 6 0.0159 Deficit

Table 3. Hardy-Weinberg at all sample sites across loci.

Population Chi-square df P-value Heterozygote

SA98 oo 8 P=<0.0001 Deficit
SA97 18.7 8 P=<0.02 Deficit
LL97 28.6 6 P=<0.001 Deficit

Tables 3 and 4 show that across loci all three populations show a significant

heterozygote deficit and are therefore not in Hardy-Weinberg equilibrium.
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Table 4. Observed heterozygosity values over all sample sites at all loci and mean

observed and expected heterozygosity.

Sample sites
Locus SA98 SA97 LL97 Mean H0 Std. Error Mean He

BC299 0.16 0.12 0.00 0.09 0.05 0.12

BC69 0.72 0.72 0.75 0.73 0.01 0.88

BC67 0.52 0.52 0.45 0.50 0.02 0.79

BC52 0.48 0.40 0.45 0.45 0.02 0.63

Mean H0 0.38 0.35 0.33 - -
-

Std. Error (H0) 0.13 0.16 0.14 - -
-

Mean He 0.45 0.45 0.48 - -
-

Table 5. Number of alleles at all sample sites and at all loci.

Locus

Sample site BC299 BC633 BC69 BC67 BC52

SA97 2 1 10 6 3

SA98 2 1 10 5 3

LL97 1 1 11 5 4

The sample sites with the highest number of alleles over all loci was SA97 and

LL97, the locus with the highest number of alleles was BC69. BC633 was fixed

at all sample sites (table 5).

Table 6. Allele frequencies at all variable loci (only alleles present at these sites are

included). Private alleles (unique to that site) and their frequencies are underlined.

Locus BC299 Sample si tes

Allele length (bp) SA97 SA98 LL97

245 0.90 0.92 1.00
255 0.10 0.08 0.00

Locus BC69

Alleles/Population Frequency SA97 SA98 LL97
150 0.06 0.00 0.00
152 0.16 0.00 0.00
156 0.04 0.00 0.02

158 0.08 0.00 0.00
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160 0.42 0.16 0.13
162 0.02 0.08 0.04

164 0.04 0.04 0.08

165 0.04 0.00 0.00

166 0.12 0.00 0.23
167 0.02 0.04 0.17
169 0.00 0.44 0.08
174 0.00 0.06 0.02
175 0.00 0.02 0.00
176 0.00 0.12 0.13
178 0.00 0.00 0.08
181 0.00 0.02 0.00

204 0.00 0.02 0.02
Locus BC67

Alleles/Population Frequency SA97 SA98 LL97

100 0.00 0.00 0.06
102 0.44 0.28 0.33
108 0.18 0.06 0.27
112 0.08 0.00 0.00

119 0.00 0.16 0.15
132 0.04 0.00 0.00
135 0.16 0.18 0.00
152 0.1 0.32 0.19

Locus BC52

Alleles/Population Frequency SA97 SA98 LL97

137 0.22 0.20 0.21
149 0.64 0.60 0.35
152 0.14 0.20 0.29
155 0.00 0.00 0.15

Table 6 shows that private alleles were present at all sample sites. However,

SA97 showed the highest number of private alleles. Also, many alleles both

across loci and across sample sites were present at very low frequencies.

5.5.1 Temporal population structure.

Weir and Cockerham's (1984) fixation indices show that there is highly

significant genetic subdivision between the populations. The significant F1S value

indicates that there is a high level of inbreeding within populations and the
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significant Fit value indicates that there is a heterozygote deficit on a global scale

(i.e. across all populations) (see tables 7 and 4).

Table 7. Estimation of fixation indices (Weir and Cockerham 1984) over all sample sites

across loci.

(Fst) (Fit) (Fis)

Mean over loci 0.062* 0.280* 0.232*
Standard deviation 0.031 0.057 0.083

*=P<0.001

5.5.2 Pairwise population structure.

Table 8 shows pairwise population Fst values. Significance levels were adjusted

using the sequential Bonferroni technique (Rice 1989). All three populations,

representing microgeographic (spatial) and temporal scales, showed significant

population subdivision, indicated by the high Fst values. Interestingly, the

highest Fst values occured between the temporally separated populations (i.e.

SA97 and SA98). In order to test whether the significant population

differentiation is due to the presence of alleles that are unique to populations or

the presence of low frequency alleles, analyses (Weir and Cockerham's 1984 F-

statistics) were conducted separately by omitting all unique alleles from the

SA97 population (table 9), omitting unique alleles from all populations (table 10)

and omitting all alleles at any site at any locus that were present at frequencies of

<0.1 (table 11). These analyses revealed that the significant genetic subdivision

between temporal and spatial populations is not solely due to the presence of

private or low frequency alleles.
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Table 8. Pairwise Fs, (Weir and Cockerham 1984) over all loci across all sample sites.

All pairwise populations are significant at < 0.016.

SA97 SA98 LL97

SA97 -

SA98 0.077 -

LL97 0.065 0.059 -

Table 9. Pairwise Fst with all private alleles removed from the S97 population. All

pairwise populations are significant at <0.016.

SA97 SA98 LL97

SA97 -

SA98 0.075 -

LL97 0.061 0.061 -

Table 10. Pairwise Fs.t with private alleles removed from all populations. All pairwise

populations are significant at <0.016.

SA97 SA98 LL97

SA97 -

SA98 0.077 -

LL97 0.064 0.055 -

Table 11. Pairwise Fst with alleles at frequencies of <0.1 removed from the analysis. All

pairwise populations are significant at <0.016.

SA97 SA98 LL97

SA97 -

SA98 0.088 -

LL97 0.075 0.068 -

5.5.3 Indirect estimates of gene flow between spatial and temporal populations.

Two methods were used to estimate gene flow, those of Wright (1941) and

Slatkin (1985) (see chapter 3 for details concerning these methods). Tables 12

and 13 show that the level of gene flow between populations is low. However,
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indirect gene flow estimates using Wright's (1941) method show consistently

higher values than those derived from Slatkin's (1985) private allele method.

Table 12. Pairwise gene flow estimates Wright (1941).

SA97 SA98 LL97

SA97 -

SA98 2.99 -

LL97 3.60 3.99 -

Table 13. Pairwise gene flow estimate (Slatkin 1985).

SA97 SA98 LL97

SA97 -

SA98 0.66 -

LL97 0.79 0.73 -

Table 14. Mean frequency of private alleles p(l) (Slatkin 1985).

SA97 SA98 LL97

SA97 -

SA98 9.733 -

LL97 0.089 9.333 -

Table 14 shows that the mean frequency of private alleles between seasons (i.e.

SA97 and SA98 and SA 98 and LL97) is much higher than the mean frequency

of private alleles between spatially close populations within the same year (i.e.

SA97 and LL97).

5.6 Discussion.

The present study finds that the populations SA97, SA98 (temporal scale) and

LL97 (microgeographic spatial scale) are not in Hardy-Weinberg equilibrium.

This is probably due to inbreeding, historical population size fluctuations and

founder events (see chapter 2). Also, there is highly significant population
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differentiation between two seasons from one sample site and the number of

private alleles is greater between temporal populations compared to populations

that are contemporary and only separated by a few kilometers. The analyses

after the removal of private alleles from SA97, after the removal of private

alleles from all populations and the removal of all low frequency alleles (see

tables 9, 10 and 11) revealed that the significant differences between samples in

allele frequencies at spatial and temporal scales is not due solely to either the

presence of private alleles or the presence of low frequency alleles.

The level of gene flow between temporal populations is small and this supports

the observation that populations between seasons are significantly subdivided.

This is an indication that if there is a proportion of E. ephippiger populations that

can complete there life cycle within a year (annual), then the proportion is very

small and not large enough to homogenise populations between years (see

Wright 1941). The gene flow estimates derived from Wright's method are

consistently higher than Slatkin's estimates. The reason for this is that Slatkin's

method derives gene flow estimates from the number and frequency of private

alleles present in sampled populations, and the temporally isolated populations

have a very high frequency of private alleles compared to the spatially close

populations (see table 7).

The results presented here are consistent with E. ephippiger populations from the

Pyrenees being unable to complete there life cycle within one year in the field.

However, genetic homogeneity between seasons relies on the assumptions of

Hardy-Weinberg expectations. These assumptions are clearly not met in this



Chapter 4

study because neither the SA97 or the SA98 populations are in Hardy-Weinberg

equilibrium (see tables 3 and 8). Because these assumptions are not met it is

possible that they may influence the genetic distinctness of the temporal samples.

Although this explanation cannot be discounted, it does seem unlikely

considering the degree of divergence and the number of distinct alleles between

the SA97 and SA98 samples (see table 6). Therefore, the reason for the

differences in allele frequencies between years may be that populations in the

Pyrenees lack the thermal input required for an annual life cycle. Pyrenean

populations of E. ephippiger occur at altitudes in excess of 1000 m above sea

level and the heat input from the environment will be low. This is because the

summer season at high altitude is much shorter than at lower altitudes and the

mean summer temperature is also lower (Kidd and Ritchie in press). It would

therefore be interesting to also look at populations ofE. ephippiger from lower

altitudes (for example around the Mediterranean coast), to investigate whether

these populations can complete their life cycle within one year (annual). Also, it

would be interesting to look at one population from both the Mediterranean and

the Pyrenees over a longer period of time to investigate whether there is a

cyclical component to E. ephippiger populations. For example if there is a

biennial component then one would expect populations from alternate years to

be more genetically similar than populations from consecutive seasons.

Although there is evidence to suggest that E. ephippiger kept under natural

conditions (i.e. outside) can have a biennial life cycle (see Dumortier 1967 and

Ingrisch 1985), evidence of a biennial life cycle has not been provided for field

populations. In species of tettigoniid which are biennial, population explosions

have been recorded in alternate years. For example, Polysarcus denticaudus
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occurred as a biennial pest in parts of the Alpes Maritimes, France in 1964, 1966

and 1968 (Commeau and Malabre 1969) and Cowan and Shipman (1940) report

a two year life cycle in mountain populations ofAnabrus simplex.

An alternative explanation for the significant differences in gene frequencies

between temporally sampled populations could be the immigration of genetically

distinct individuals into the population between years and/or population size

fluctuations between years. Similar explanations were put forward by Gimnig et

al. (1999) to explain temporal population subdivision in the annual mosquito

Culex tarsalis and by Gleeson (1995) to explain the heterogeneity between

populations of the blowfly Lucilia cuprina. This explanation is also supported,

to an extent, in the present study since contemporary populations are more

similar than temporal populations. Extinction of a population and the

subsequent recolonisation of a site by genetically distinct individuals would

produce this result. However, the immigration of genetically distinct individuals

into the population between years seems unlikely in the present study since the

levels of gene flow between spatially close populations is very limited (see also

chapter 3). Also, when the populations are analysed in the absence of the unique

alleles they still show significant genetic subdivision. Whilst population size

fluctuations between the 1997 and 1998 cannot be discounted, anecdotal

evidence from observations when the samples were collected did not indicate

that the population/s had undergone either an expansion or contraction. Also, the

degree of population contraction to create such high levels of divergence in gene

frequencies between years would have to be fairly extensive. Therefore the most

likely explanation for the temporal genetic subdivision is that the populations are
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actually genetically distinct. The genetic distinctness of populations occupying

the same site in two consecutive years indicates that there is unlikely to be a

large annual component in E. ephippiger populations which occur in the

Pyrenees. The low thermal input from the environment seems the most likely

explanation as to why there is no annual cohort in Pyrenean populations.

The genetic results presented here may go some way to explain the variation in

morphology between years (Hartley pers com), since animals collected at the

same sites in different seasons may actually belong to genetically distinct

populations. In turn, this variation in morphology between years may have

contributed, at least in part, to the confusion in the morphological classification

of these organisms (see chapter 3), especially when trying to link geography with

morphological variation. This problem is likely to have been exacerbated by the

comparison of samples that were collected in different seasons.

In conclusion, an analysis of the temporal population genetics of E. ephippiger

indicates that Pyrenean populations are unlikely to be capable of an annual life

cycle. This is indicated by significant differences in allele frequencies between

years, as demonstrated using Weir and Cockerhams (1984) modification of

Wright's F-statistics. The genetic heterogeneity between years is higher than the

subdivision between contemporary spatially close populations and the frequency

of private alleles between temporally isolated populations is very high. This is

the first study to indicate that the life cycle of E. ephippiger in natural Pyrenean

populations is unlikely to have an annual component and that populations
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separated by season are more heterogeneous than populations separated on a

microgeographic scale.
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Chapter 5

Why does Ephippiger ephippiger have an enormous spermatophore; are there

direct benefits to females?

6.1 Abstract.

Male tettigonids typically produce large and elaborate spermatophore composed of a sperm

containing ampulla and a gelatinous proteinacious mass called the spermatophylax. The

spermatophylax portion of the spermatophore is eaten by the female while sperm are

evacuated from the sperm ampulla to the female's sperm storage organ. Some studies
indicate that as well as protecting the ejaculate, the consumption of the spermatophylax also
benefits females by increasing their reproductive output. However, other studies maintain
that the spermatophylax is a sham since it is of little nutritional value to the female and has
no immediate benefits to her in terms of fecundity increase. E. ephippiger has one of the

largest spermatophores among tettigonids, representing up to 40% of the male's body

weight. Since the spermatophore in this species is so large and costly, I investigated whether
the spermatophore in E. ephippiger has direct fecundity benefits to females. Results indicate
that the spermatophore in E. ephippiger is a sham offering and is therefore likely to

constitute mating effort rather than paternal investment.

6.2 Introduction.

Nuptial gifts occur in many groups of insects such as Orthoptera, Coleoptera,

Mecoptera, Diptera, Lepidoptera, and Dictyoptera. These range from food captured

or collected by the male (e.g. empidids: Kessel 1955, Cumming 1994, Sadowski et

al. 1999), parts of the male body (e.g. Cyphoderris species: Eggert and Sakaluk

1994, mantids: reviewed by Lawrence 1992), glandular products from the male (e.g.

tettigoniids: Boldyrev 1915) to salivary secretions (Panorpa: Thornhil 1979). For
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full reviews of the empirical evidence for the function of nuptial feeding in insects

see Thornhill (1976a), Thornhill and Alcock (1983), Gwynne (1983a, 1996), Zeh

and Smith (1985), Quinn and Sakaluk (1986), Simmons and Parker (1989), Parker

and Simmons (1989), Boggs (1995) and Vahed (1998).

The Tettigoniidae is a large group of insects belonging to the order Orthoptera. The

mating system of tettigonids is characterised by the transfer of a spermatophore from

the male to the female during copulation. The spermatophore hangs externally to

the female's reproductive opening while sperm are transferred to the sperm storage

organ. In this family of insects the spermatophores are usually elaborate. As well as

a sperm containing ampulla, they have a large gelatinous proteinaceous mass called

the spermatophylax, attached to the sperm ampulla (Boldyrev 1915). When

spermatophore transfer is complete the female consumes the spermatophylax and

once the spermatophylax is consumed, the female begins to consume the sperm

ampulla (Boldyrev 1915, 1928). The consumption of the sperm ampulla therefore

terminates sperm transfer. The spermatophores in the Tettigoniidae are typically

very large and can represent up to 40% of the male's body weight. Thus, unlike

males of most other groups, tettigonid males invest considerable amounts towards

reproduction.

Two hypotheses have been proposed to explain the selection pressures responsible

for the evolution of large spermatophores. These are the ejaculate protection
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hypothesis (Boldyrev 1915) and the paternal investment hypothesis (Trivers 1972,

Thornhill 1976a). However, these hypotheses are not mutually exclusive, and it is

possible that large spermatophores may have evolved originally to serve a particular

function but may now serve a different or additional function.

The ejaculate protection hypothesis proposes that large spermatophores evolved and

are currently maintained to protect the ejaculate while it is being transferred from

the sperm ampulla to the female's spermatheca. This is achieved because the

female is distracted from prematurely removing the ampulla while she is consuming

the spermatophylax (Boldyrev, 1915). Thus, if a female consumes the whole

spermatophylax, she will receive a full complement of sperm. The predictions of

this hypothesis are:

1. The evolutionary enlargement of the ejaculate was paralleled by an increase in

the size of the protective spermatophylax. There is predicted to be a positive

correlation between spermatophylax mass and ejaculate size. Also, the size of

the spermatophylax will not be significantly larger than necessary to fulfil the

role of ejaculate protection.

2. The consumption of spermatophylaces will not necessarily lead to an increase in

female fecundity. If this does occur, the increase in fecundity will not necessarily

benefit the donating male's offspring and may be incidental to the ejaculate

protection function.
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The paternal investment hypothesis proposes that large spermatophores may have

originally evolved to serve the ejaculate protection function, but evolutionary

enlargement of spermatophores has continued by selection on males to provide

paternal investment via the nutritious spermatophore. The predictions of this

hypothesis are:

1. Nutrients from the spermatophore will be incorporated into the eggs and

subsequently the offspring of the female who consumes the spermatophylax and

these nutrients will increase offspring fitness.

2. The male that donates the nutrients via the spermatophore will have high

confidence that the nutrients that he donated will benefit mostly or only his

offspring.

Most studies have suggested that spermatophylaces are shams since there are no

benefits to the female in terms of fecundity increase (Wedell 1993a, Will and

Sakaluk 1994 see also Kasuya and Sato 1998, Vahed and Gilbert 1996, Vahed

1998). Therefore, the spermatophylax only acts to protect the ejaculate and is not of

particular value to the female. Also, it has been suggested that although large, the

spermatophylaces of some species of tettigonid are of low nutritive value (low

protein) (Wedell 1994). However, in species with highly nutritional

spermatophores, apart from protecting the ejaculate, spermatophore size is positively

correlated with female fecundity (Wedell 1993b, reviewed in Vahed 1998).
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Busnel and Dumortier (1956) reported that the size range of spermatophores in E.

ephippiger (as a proportion of their body weight) is 13-27%. Also, comparative

evidence suggests that E. ephippiger has one of the largest spermatophores among

tettigonids (Wedell 1993a, Vahed and Gilbert 1996). This substantial size makes E.

ephippiger a potential candidate species for paternal investment.

6.3 Aims.

I aimed to test whether spermatophore consumption has any direct benefits to

females in terms of fecundity increase. A positive correlation between

spermatophore mass and fecundity could be consistent with the paternal investment

hypothesis. However, no relationship would indicate that from the females'

perspective the spermatophylax in E. ephippiger represents a sham offering and

therefore functions only to protect the ejaculate.

6.4 Experimental methods, animal collection and statistical analyses.

Crickets of the cruciger form were collected in the Montagne de la Gardiole,

Herault, France in 1997. All experimental animals were F1 offspring of these

crickets. All matings took place in mating cages (-45 x 30 x 30 cm). In those cases

where double matings were set up the second male was introduced to the female the

day after the first mating. The sizes of the spermatophores were determined by

weighing the male both before and after mating (a reliable indicator of

spermatophore mass).
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The data for spermatophore consumption durations were collected in the field.

These crickets were of the cunii form collected from Via, Pyrenees Orientales,

France. Males and females were collected from the field and pairs were placed at

random into cylindrical cages (-45 cm xl5 cm). The time from the termination of

mating to the removal of the sperm ampullae was recorded.

Data for both ampulla and spermatophylax mass were collected by setting up

matings in the above cages in the laboratory. Immediately following copulation the

entire spermatophore was removed from the female. Following this, the ampulla

and the spermatophylax were separated and weighed individually.

All experimental fecundity data was regressed against female mass (prior to mating)

and the residuals of this regression were used in subsequent analyses to avoid

potential confounding effects of female mass on fecundity. Eggs were collected

regularly (either daily or weekly) until the females either died (lifetime fecundity

data) or until 28 days had elapsed (effects of spermatophore mass on female

fecundity). All experimental animals (males and females) were fed ad libitum on

pollen, fish flakes and cabbage. All data were approximately normally distributed.

Data were analysed using Minitab (version 11) with either Pearsons correlations or

Student t-tests.
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6.5 Results.

The mean weight of the spermatophore ofE. epippiger was 0.6983 g ± 0.0288

(N=101). The mean weight of female E. ephippiger was 3.2 ± 0.104 g and the mean

male weight 2.8735 ± 0.0786 g. The spermatophore represented 24.3%, range 7.18-

48.17 % of the male's body weight (n=101). The duration ofmating in E.

ephippiger was 23.4 ±1.58 minutes (n=20). The mean number of eggs that a

females laid was 352.1 ± 25.9, range 11-1043, n=71. Spermatophore consumption

duration was 434.7 ± 42.2 minutes (7.245 hours) (N=15). Residual male

spermatophore mass provided to virgin females (0.589g) and to non-virgins (0.594g)

were not significantly different (mean t=0.00, df=67).

There is a highly significant correlation between male mass and spermatophore

mass, r=0.703, P=0.001, n=101 (figure 1). Figure 2 shows that there was a highly

significant correlation between ampulla mass and spermatophore mass, r=0.815,

P=0.001, n=21. Figures 3 and 4 show that there was a positive relationship between

the mass of the spermatophore provided to the female and residual female fecundity;

however this relationship was not significant at either 14 days or 28 days post

mating.

There is no significant correlation between spermatophore mass and the duration of

the female's refractory period (duration between 1st and 2nd mating) (figure 5).

Figure 6 shows that there is no correlation between the mass of the spermatophore
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provided to the female and the female's age post adult eclosion. Figure 7 shows that

there is no significant correlation between the mass of spermatophore provided to

the females and the number of days until first oviposition.
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Figure I. Plot of male mass against spermatophore mass.

Figure 2. Plot of spermatophylax mass against ampulla mass.
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Figure 3. Relationship between spermatophore mass and residual female
fecundity (14 days post mating)
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Figure 5. Plot of female refractory period (duration between 1st and 2nd
matings) against spermatophore weight.
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Figure 7. Relationship between size of spermatophore and number of days until
start of oviposition.
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6.6 Discussion.

The present study supported earlier findings by Busnel and Dumortier (1956) and

comparative evidence provided by Wedell (1993a) and Vahed and Gilbert (1996)

that the size of the spermatophore in E. ephippiger is substantial, with a mean

spermatophore weight representing 23.3% of the males body weight (range 7.18-

48%). It is clear from these results (see also Vahed 1998) that the spermatophore of

tettigonids represents a considerable investment by males towards reproduction.

The high costs of spermatophores is also supported by the finding that in some

tettigonids the protein content of the spermatophores is high (Wedell 1994).

According to Wedell (1994) the protein content of the spermatophylaces of 22

tettigonid species ranged from 4% in Acripeza reticulata to 27.2% in Coptaspis sp.2

(percent protein wet weight). The mean protein content ofE. ephippiger

spermatophylaces is 9.1% ±1.32(Wedell 1994). The cost of spermatophores in

tettigonids also has implications for male re-mating intervals, since males have to

wait long periods until they have produced a new spermatophore before they are

able to re-mate. For example, Poecilimon affinis have a spermatophore that

represents 26% of the male's body weight and their re-mating interval is 3 days, P.

veluchianus 15%: 2 day interval (Heller and Von Helverson 1991), Kawanophila

nartee: 16-21%: 4 day interval (Simmons 1990) and E. ephippiger. 13-27%: 3-7 day

interval (Busnel and Dumortier 1956). Another feature of male tettigonids related to

a large investment in reproduction is the phenomenon of sex role reversal.

Conventional sex roles (coy and choosy females versus competitive and

indiscriminate males) are not always fixed (Ritchie et al. 1998), but can vary
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according to the relative investment of the two sexes (Williams 1966, Trivers 1972).

Thus, because many tettigonids invest heavily in mating it predisposes males, under

certain conditions such as food scarcity, to be the choosy sex whereas females

compete among themselves for fertilisations. Sex role reversal has indeed been

reported in Metaballus (Gwynnel981), Conocephalus (Gwynne 1982), Anabrus

(Gwynne 1984, Gwynne et al. 1993), Kawanophila (Gwynne & Simmons 1990)

Requena ( Schatral 1993 & Simmons and Gwynne 1994;) and E. ephippiger (Ritchie

et al. 1998).

Since spermatophores are costly investments as indicated by long inter-copulatory

intervals for males, high protein contents and the occurrence of sex role reversal,

much work has focused on whether the spermatophores are larger than necessary to

fulfil an ejaculate protection function. However, this study found no significant

positive effects of spermatophore consumption on fecundity in females both 14 and

28 days following copulation. This is in agreement with many other studies that

have investigated the effects of spermatophore consumption female fecundity in the

Tettigoniidae. For example, Reinhold and Heller (1993) in a study ofPoecilimon

veluchianns found that there were no effects of spermatophore consumption on

number of eggs laid, weight of eggs or absolute weight ofhatched larvae. However,

they did find that the relative dry weight of the hatched larvae was increased as a

result of spermatophore consumption. They concluded that there may be a paternal

investment function to the spermatophores in this species, but spermatophores are
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more likely to represent mating effort (i.e. ejaculate protection), since the

spermatophylax is adjusted in relation to the size of the ejaculate. Wedell and Arak

(1989) manipulated the number of spermatophylaces that female Decticus

verucivorus received at mating and found that spermatophylax consumption had no

effect on female fecundity, egg weight or female longevity, even under nutrient

limited conditions. Wedell (1993c) went on to show that spermatophylax nutrients

were incorporated into eggs. However, she found that nutrient incorporation rate

was so slow that females become sexually receptive before male donated nutrients

can be incorporated into the eggs that he fertilised. Therefore the donating male will

probably have his investment cuckolded by the next male to mate. This is likely to

occur in this species because no sperm precedence patterns exist (i.e. sperm mixing

occurs) (Wedell and Arak 1989). Vahed and Gilbert (1997) conducted a study on

Leptophyes laticauda in order to investigate the effect of spermatophylax

consumption on female reproductive output. They found that under nutrient limited

conditions females who consumed the spermatophylax did not produce more or

heavier eggs than those who were not allowed to consume the spermatophylax. Will

and Sakaluk (1994) conducted a study on Gryllus sigillatus, a Gryllid species which,

unusually produces a spermatophylax, and discovered that under low nutrient diets

the number of spermatophylaces consumed had no significant effect on the mass of

eggs or number of nymphs produced by the females. However, recent work on this

species by Ivy et al. (1999) provided evidence that paternal investment in G.

sigillatus may be mediated through hydration benefits from spermatophylax

consumption. Females allowed to consume spermatophylaces under water stress
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were seen to have increased longevity. Also, females appear to allocate water

contained in the consumed spermatophylaces towards reproduction.

In contrast to the many studies concluding that that spermatophores represent mating

effort, two species of tettigonid have been shown to paternally invest in their

offspring. Gwynne et al. (1984) showed that the spermatophylax in Requena

verticalis was nearly twice as large as necessary to ensure complete ejaculate

transfer. It took R. verticalis 5 hours to consume the spermatophylax whereas

almost all the ejaculate had left the ampulla in 3 hours. Gwynne et al. (1984)

interpreted this as evidence to support a paternal investment function of the

spermatophylax in this species. In this study they found that the consumption of the

spermatophylax did not increase female fecundity, but pointed out that a high

protein laboratory diet may have concealed any increase in fecundity from

spermatophylax consumption. Gwynne (1984a) went on to show that female

fecundity was increased through spermatophylax consumption when females were

fed a low protein diet. The increased fecundity was seen as increased egg size

(larger egg size is known to correlate with several components of offspring fitness;

Capinera 1979) and an increase in the number of eggs produced. This supported

Gwynne et al. (1984) who previously concluded that a high protein laboratory diet

masks the effects of spermatophylax consumption on female fecundity. Gwynne

(1988a) also showed that in R verticalis an increase in egg size was due to

spermatophylax consumption, rather than an increase in dietary protein consumption
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per se. This suggests that males provide nutrients that increase egg size and these

nutrients are not available from any other source. Gwynne (1988a) also found that

offspring from females that produced larger eggs had a relatively higher probability

of surviving the winter. Also the amount of spermatophylax eaten by the females

significantly increased the mean date at which their sons matured to adulthood.

Gwynne (1988b), using genetic markers (allozymes) and radio-labelled amino acids,

showed that nutrients from a donating male did benefit his offspring, because this

species has almost complete first male sperm precedence (see also Gwynne and

Snedden 1995). Therefore, the first male to mate with a female fertilises almost all

of the eggs that she will subsequently produce. It was also shown that the next male

to mate with the female had his investment cuckolded by the first male. Gwynne

(1988b) concluded that the spermatophore in R.verticalis is likely to be maintained

due to selection pressures for males to provide paternal investment.

Another species, in which it is likely that the spermatophore is maintained due to

selection pressures to provide paternal investment is Kawanaphila nartee. Simmons

(1990) demonstrated that positive effects on female fecundity from spermatophylax

consumption can be realised within 48 hours of gift consumption. The positive

effects on female fecundity were measured as an increase in total gametic mass.

Simmons (1990) argued that even in species with last male sperm precedence, if

nutrient incorporation rate into eggs is rapid, donating males' offspring may still
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benefit from the nutrients that he provided However, nutrient incorporation must

be achieved before the female remates. This is achieved in K. nartee because the

female post-copulatory refractory period lasts for over 5 days.

As stated earlier, the present study found no effects of spermatophore consumption

on female fecundity. However, this may have been because females were not

nutrient limited, as in other studies (see above). Also the present study utilised the

natural variation in spermatophore size to test whether there are any direct benefits

to females from spermatophore consumption. Previous studies (e.g. Wedell and

Arak 1989, Vahed 1997) experimentally manipulated the number of spermatophores

that females received. This experimental design may be more sensitive to cruder

effects on female fecundity from spermatophore consumption. This experimental

design is therefore more likely to detect positive effects from spermatophore

consumption.

If spermatophores do represent mating effort rather than paternal investment then a

correlation is not necessarily expected between ampulla and spermatophylax mass.

This is because the size of the spermatophylax is predicted to be larger than

necessary for a full ejaculate to be transferred to the female (see Gwynne 1984).

The mass of ampullae is a good indicator of sperm number (Vahed and Gilbert

1996, but see Simmons et al. 1993 for an exception). The present study finds a

highly significant positive correlation between ampulla mass and spermatophylax

140



Chapter 5

mass. This seems to be common in tettigonids and is found both within and across

genera (Wedell 1993a, Vahed and Gilbert 1996). Wedell (1993a) used this evidence

to support the ejaculate protection function of spermatophores in tettigonids.

However, this evidence could also be used to support the paternal investment

hypothesis. This is because this correlation would be expected if the female

refractory period needed to be long enough for nutrients donated by the male to be

incorporated into eggs that he had fertilised (cf. Simmons 1990). Previous studies

have shown that both within species and across genera, ampulla size and overall

spermatophore size is positively correlated with female refractory periods (see

Wedell and Arak 1989, Heller and Von Helverson 1991, Simmons 1991, Wedell

1993a). Wedell (1993a) hypothesised that the evolution of large ejaculates

accompanied by their large protective spermatophylaces was due to selection

pressures on males to increase the duration of the female's post-copulatory

refractory period. Thus, whether the spermatophore fulfils the ejaculate protection

or the paternal investment function, the induction of a long refractory period is

likely to be of benefit to males. This is because the female will begin laying eggs

soon after mating, and overall she is likely to lay more eggs during her refractory

period that are fertilised by the last male to mate or by the male with the largest

amount of sperm in the spermatheca (but see Gwynne 1988b and Gwynne and

Snedden 1995). Thus, contrary to previous studies that have used this type of

evidence to support the ejaculate protection function of spermatophores (see Wedell

1993a), this evidence is not mutually exclusive to either of the hypotheses.
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This study shows that there is no correlation between spermatophore mass and the

length of the female refractory period in E. ephippiger. This is interesting

considering that nearly all species studied so far have shown this correlation.

In the two species of tettigonid that are known to invest paternally in their offspring

R. verticalis (Gwynne 1984, 1988a,b) and K. nartee (Simmons et al. 1990) it is

known that males reduce their spermatophore investment when expected paternity is

low. However, the present study found no such effects. The size ofthe

spermatophore provided to virgin E. ephippiger females was the same size as the

spermatophore provided to non virgins. Also, there was no positive correlation

between spermatophore mass and female age. Female age is potentially a good

indicator of mating status, since older females are more likely to be non virgins (see

Gwynne 1984). The present study also found that there was no correlation between

spermatophore mass and the number of days until first oviposition. A positive

correlation might be expected in all species regardless of whether they invest

paternally in there offspring, since it would be advantageous for a male to reduce the

number of days until she starts ovipositing, in this way she may lay more eggs during

her refractory period. Males are able to achieve this through substances in their

ejaculate which are known to induce refractoiy periods, induce oviposition or

increase vitellogenesis in eggs (see Leopold 1976 and Gillott 1996 for reviews on

the role of insect accessory gland substances in reproduction)
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Previous studies (e.g. Gwynne 1984 see above) have compared spermatophylax

consumption duration to the time required for a full ejaculate to be transferred to the

female. The logic behind this is that if the spermatophylax is bigger than necessary

to fulfil the role of complete ejaculate transfer, then the spermatophore may also

fulfil a paternal investment function. The spermatophylax consumption duration in

E. ephippiger is long (7.24 h) (cf. 5 hours in R. verticals, Gwynne 1984), however

the sperm evacuation duration in E. ephippiger is currently unknown. Given the

very long duration of spermatophylax consumption in this species, the sperm

evacuation durations may be worthy of investigation, especially considering that the

spermatophore in E. ephippiger is so large.

6.6 Conclusions and future work.

This study provided evidence that suggested that there are no immediate benefits to

females from spermatophore consumption and that males do not discriminate in

terms of gift size when mating with virgins or non-virgins or with older females.

These results are therefore consistent with the ejaculate protection function of the

large spermatophores in E. ephippiger. However, since a positive correlation was

found between female reproductive output and the size of the spermatophore

consumed, further investigation with a more sensitive experimental design (e.g.

Vahed 1997) may reveal positive effects of spermatophore consumption on female

fecundity. Also the spermatophore consumption duration in this species is very long
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so it may also be interesting to investigate the sperm evacuation duration and

compare the two.
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General discussion

After enrichment for microsatellites, 51 positive clones were obtained. Of these 51

clones, only 16 had flanking regions that were suitable for primer design. Scorable

and polymorphic microsatellite loci were obtained from only six of these primer

pairs. However, further optimisation and possibly the redesign of primers may

increase the probability of obtaining useful products from these loci.

Following the isolation and characterisation of six polymorphic and two

monomorphic microsatellite loci from Ephippiger ephippiger, these loci were tested

for amplification in 11 species within the Ephippigerinae. Results indicate that the

conservation of these loci within this group is extensive and that amplification

success is greater in species within the genus Ephippiger than in other genera tested,

however this was not statistically significant.

The conservation of microsatellite loci within the Tettigoniidae may allow other

researchers to utilise these loci. However, this will be dependent on these

microsatellites being polymorphic in other species. Polymorphism was not tested in

the current study because I only had access to one individual per species. Recently,

researchers at the University of Derby in collaboration with us, have applied for a

Ph.D. studentship to study sperm competition in Steropleurus stali, a species closely

related to E. ephippiger (Harz 1969). Assuming the microsatellites markers

developed in this study are polymormorphic in S. stali they will be used to study

sperm precedence patterns. The microsatellites developed in this study have also
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led to the award of a NERC grant to study the effects of spermatophore size on the

outcome of sperm competition and the degree of polyandry in natural populations of

E. ephippiger. Much of the work for this project has already been done. This

involved setting up controlled crosses between a female and two males and

recording the size of the spermatophore, male weight, female fecundity data and the

sequence that the males were mated to the female. The progeny of over 40 of these

crosses are currently waiting to be genotyped using the microsatellite markers that

were developed in this study.

At mating male E. ephippiger transfer a large and elaborate spermatophore to the

female. The spermatophore in this species, like many other tettigonids, consists of a

sperm containing ampulla and a spermatophylax. Some studies suggest that, as well

as protecting the sperm ampulla, the spermatophylax additionally fulfills a paternal

investment function since female fecundity is positively correlated with

spermatophylax consumption (Gwynne 1988b, Simmons 1990). However, other

studies have found no such correlation and suggest that the spermatophylax is a

sham gift, because its consumption has no direct benefits to the female in terms of

fecundity increase (Wickler 1985, Will and Sakaluk 1994). Results from the present

study indicate that although E. ephippiger has one of the largest spermatophores

among tettigonids (Busnel and Dumortier 1956, Wedell 1993a, Vahed and Gilbert

1996), there are no direct fecundity benefits to the female from spermatophore

consumption. As previously discussed, in order to elucidate whether the

spermatophylax additionally functions as paternal investment it is not only necessary
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to show that offspring fitness is increased, but that the nutrients donated by a male

will actually benefit his offspring. The study on sperm competition (see above)

should give an indication as to whether a donating male is likely to benefit his

offspring through nuptial gift provision (for example see Gwynne 1988b, and

Gwynne and Snedden 1995). Also, further investigation will reveal whether there is

a discrepancy between spermatophylax consumption duration and sperm evacuation

duration in E. ephippiger. This will show whether the spermatophylax in E.

ephippiger is larger than necessary to fulfill only the ejaculate protection function.

Although the present study finds no effects of spermatophylax consumption on the

number of eggs a female lays, spermatophylax hydration effects on both female

longevity and reproductive output in E. ephippiger may be worthy of further

investigation (see Ivy et al. 1998). This is because although nutrients may not limit

female fecundity, the availability of water may. This is because E. ephippiger

including the form under study here, are found in hot dry Mediterranean locations,

where water is not likely to be in abundance for long periods throughout the

summer. Although, there seems to be no direct benefits to females in terms of

fecundity increase there are other possible benefits that females may accrue from

spermatophore consumption. An example of this could reduced energy expenditure

on foraging. This would also benefit females since it would decrease female

predation risk. In this way males may have been selected to maintain a large

investment in reproduction because females that received a males sperm and a large
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nuptial gift are more likely to survive because of reduced predation risk associated

with less time spent foraging.

This study did not place females under nutrient stress and/or water stress and this

may be the reason why significant positive fecundity effects on females were not

observed (cf. Gwynne 1988b, Ivy et al. 1998). Future studies should try

manipulating female nutritional status to test whether spermatophore consumption

has positive effects on fecundity under these circumstances.

The analysis of allele frequencies at five microsatellite loci indicate that E.

ephippiger in southern France are significantly subdivided at both macro and micro-

geographic scales. This subdivision is probably caused by the poor ability of E.

ephippiger to disperse. This poor ability to disperse is likely to be related to E.

ephippigers large bulky size, and the fact that it is flightless. Also significant

barriers to dispersal, including mountains, rivers and anthropogenic factors such as

changes in land use due to agriculture as well as major road constructions will have

limited E. ephippiger's dispersal. The inference of low gene flow in this species is

supported by both indirect methods (Nem) and by direct observations of dispersal.

In support of this the hierarchical analysis of allele frequencies indicates that

differences between populations are much greater than between the three western

European forms of E. ephippiger (defined by morphology, Harz 1969). Thus, the

lack of gene flow even between populations of the same forms may be obscuring

any differences between the proposed forms. However, the separation of these
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forms is to some extent supported both by the population phylograms and the

individual allele sharing phylogram. Thus, as suggested by Kidd and Ritchie (in

press) the three forms may have inhabited different refugia during recent ice ages.

Most populations also show a significant heterozygote deficit at all loci. This result

could indicate the presence of null alleles at all five loci, however this explanation

seems unlikely. The incidence and frequency of null alleles at least in the

Montpellier population will be investigated in future studies using the data obtained

from the controlled mating experiment (see above). Since it is unlikely that the

heterozygote deficit is caused by the presence of null alleles it is probably caused by

high levels of inbreeding. The heterogeneity between populations of E. ephippiger

and low heterozygosity indicate that populations may have been subject to historical

population bottlenecks and / or extinction recolonisation events. However, tests for

recent bottlenecks proved negative, although the power of this test is likely to have

been low since the number of loci used in the study was small (n=5) (see Cornuet

and Luikart 1998). Also it is possible that bottlenecks may have occurred further

back in the past than the test was able to detect. It seems likely that the

recolonisation of habitats (founder events) from refugia occupied during glacial

events are will also have contributed to the pattern of heterogeneity that we see

today. A contributing factor to the high observed heterozygosity may also be

attributed to E. ephippiger's life history. For example, a population within a single

season may be highly related to each other because in any one year few individuals

contribute to that population. This seems particularly likely considering the small
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population sizes and the number of eggs that an individual female is capable of

laying.

Sample sizes in this study are small, typically n=25. This may have affected the

calculations for departures of the populations from HWE. This is because it has

shown that sample sizes in excess of 1000 are needed to confidently ascribe

significant departures from HWE (Lessios 1992). Also, genetic distance measures

may have been increased due to small sample sizes, especially if the sampled

individuals were not representative of the population from which they were sampled

(i.e. highly related / inbred). However, relatively speaking the sample sizes probably

represent between 5-10% of each population (pers. obs.). Thus, relative to the size

of the population the sample sizes are fairly large.

This study is in agreement with studies that have found high levels of variation both

within and between populations in both morphology and behaviour (see Voisen

1979, Hartley and Warne 1984, Hartley and Bugren 1984, Grandcolas 1987,

Oudman et al 1990, Duijm 1990, Ritchie et al. 1997, Ritchie 1998). However, it

contrasts with other genetic studies in that this study shows high genetic distances

between forms (cf. Oudman et al. 1990, Ritchie et al. 1987, Ritchie and Gleason

unpublished). This is probably related to the ability of highly polymorphic loci to

detect even small levels of subdivision (Hedrick 1999).
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A study using mitochondrial and nuclear sequencing may give a clearer picture of

the overall phylogeography of E. ephippiger and this will allow phylogenetic branch

lengths to be compared between forms and between populations from different

geographical locations (see Taberlet et al. 1998). This type of study would enable

me to test in more detail the hypotheses (see Kidd and Ritchie in press) concerning

refugial locations and likely recolonisation routes. It may also be possible to

investigate levels of introgression between forms and populations of E. ephippiger

with this type of data. This will give an indication whether the variation (e.g.

Languedoc region) has resulted from the hybridisation of Iberian and eastern forms

of E. ephippiger (see Oudman et al. 1990, Kidd and Ritchie in press), or whether

cruciger is a distinct form in it's own right. Research is currently being conducted

using GIS (Geographical Information Systems) to test theories concerning potential

barriers to dispersal. Data on morphology (Voisen 1979, Hartley and Warne 1984,

Hartley and Bugren 1984, Grandcolas 1987, Oudman et al 1990), allozymes

(Oudman etal. 1990), behaviour (Duijm 1990, Ritchie et al. 1997, Ritchie 1998),

RAPDs (Ritchie et al. 1987), mtRPLPs, (Ritchie and Gleason unpublished) and

microsatellites (this study) are being used along with geographical information such

as mountain range and river locations to discern potential barriers to dispersal and

therefore likely colonisation routes following glacial events.

E. ephippiger have two stages during the development of their eggs at which

diapause can occur. The first diapause is facultative and may occur very early in

embryological development, the second diapause is obligate and occurs very late.
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Experimental results indicate that even in the absence of variable environmental

cues E. ephippiger are able to increase the proportion of eggs which enter diapause

as they age. This is explained as an adaptive bet hedging strategy that allows

females to spread their ontogenesis over several seasons. This is thought to be

adaptive since some seasons will be unsuitable for the growth and development of

eggs. Therefore, females may be "hedging their bets" by not putting all of their eggs

into one season. The strategy that E. ephippiger are adopting is therefore similar to

the classic example of bet hedging, seed dormancy in plants. However, it should be

remembered that this is a laboratory experiment and it is likely that factors other

than female age such as variable abiotic cues in the field will influence the

proportion of eggs a female lays that enter initial diapause (see also Mousseau

1991).

Hartley and Warne (1972) indicate that in the laboratory most E. ephippiger eggs

can develop and hatch within a year. However, Dumortier (1967) and Ingrisch

(1985) showed that under natural conditions (outdoor) E. ephippiger's eggs have at

least a biennial life cycle. This contradiction is not surprising considering egg

development in E. ephippiger and most other insects is temperature dependent. In

this study the same population over two seasons was studied with microsatellite

markers and results indicate that temporal samples (between years) from the same

sample site are more genetically heterogeneous than contemporary populations

separated by only a few kilometers. These results indicate that Pyrenean E.

ephippiger are unable to complete there life cycle in one year. This result is
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consistent with there being insufficient thermal input available to Pyrenean

populations of E. ephippiger to allow them to complete their life cycle in 1 year.

However, the immigration of genetically distinct animals into the population cannot

be discounted as an explanation for the genetic heterogeneity between seasons. The

results presented here showing that population between years are significantly

heterogeneous may explain anecdotal evidence of the variation in morphology

between seasons (Hartley pers. comm.) These results indicate that caution may be

needed when comparing E. ephippiger from different seasons, because between year

samples are likely to represent different populations.

The between year genetic variation of E. ephippiger from populations found in the

French lowlands may also be worthy of study. This would indicate whether E.

ephippiger from lower altitudes with higher thermal input are capable of completing

their life cycle in 1 year (cf. Mousseau and Roff 1989). If populations in the

lowlands are not genetically heterogeneous between seasons this would support the

hypothesis that populations in the Pyrenees are obligate plurennials because they do

not receive enough thermal input to complete their life cycle in one year. It would

also be interesting to look at the same populations over a number of years in order to

see whether populations in alternate years are less heterogeneous than populations

from consecutive seasons. If this is the case then it would suggest that E. ephippiger

are at least biennial in natural populations, as suggested by Dumortier (1967) and

Ingrisch (1985).
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Appendix 1

Appendix 1

Sequences.

BC20
AAGCTTCCCGGCATCCCAAGCTTCCCGGGTACCGCACACACACACACAC
GCACGCACACACACACACACCGTGGTAACCAAACTACTAGTGTTCGTCA
TGTATCTATACTAAGTCAGTAGGATC

BC279
TGAGCGTCGATGAAATGAGGCCCTAACAATGATGAGGATGACATTCTAAT
GTTGGAATCGACACACACACACACACACACACACACACACACACACAC
ACACACACACTCCCAATCCCCGGGCCATTGAAATTAACCAACGAGGGTTA
AAATCCCTGACCCGGCCGAGGATC

BC299
TACAACAGTTCCACGCTCTTGTGGCACACACACACACACACACACACAC
ACATGTCCGCGTTAGCATGGGACAACAAGGAGCAGAACGGTAAGCGCATT
ACACCCCTCTGTAGTCCGAGATTCGCATTCTGATAGTGGCAGCATTCATCC
AGAATACGACATTCTGCGGTTTCCCATCTTCACACCAGGCAAATGCTTGA
GCTCATCCTTAATTAAAGCCACTTCCCTTCCTAATCTTCACCCTTTCCTAT
GCCATTATCGCCATAAAACTGAGTGGGCGTGACTTCAAATCTCTAGCAAA
GCAAAATATATAGAATAACATCAGATGGGGGTGGTGTTGCGGTACCCGGG
AAGCTTGGGATC

BC342
GCCCAGGTGCGGTACCCGGGAAAGCTTGGGCGGTACCCGGGAAGCTTGGG
ATGATTCTTTGTGCGATGTCTGCTGTTGCTGAAGTTTGTGACAGTGATTCA
TTGAATATTCTTATCTCTTCTTGTTATTCGTAGTATCTTGCGTTCCATCTTC
CTTTGACACATCTGCAGTGCGGTACCCGGGAAGCTTGGGATACACACACA
CACACACACACACACACACACACACACACACACACACACAGCGGTAC
CCGGTAAGCTTGGGATCATGCGGTACCCGGGAAGCTTGGGATC

BC36
AGTCCCATACTTCTTTCATCGTCGACCTCACACAGCTCATTTTGACCCATA
ACTTCTTTGACTTCAATGGGCAATTATACCACCAGATTCGTGGCACCGCCA
TGGGCCCTTCGAACCACACACACACACACACACACAACACACACACAG
CGCCACATGCATCTCACCCCCCACCATAGGGCCCGCCACCGTAGCGGAAC
GGCTAACGCTATTGACTGCTATCTTCGGTGGACCGGACTCGATTCCCGATC

BC424

ACACACACACACTCACACACACACACATTCCC
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BC451
ACTTCACATACATACATACATACATACTTACATACTCAGAAAATACACCC
CCCTCCCTACACACACACACACACACACACACACACACACACACAGCG
CCACATGCAGCTCACCCCCCACCATAGGGCCCGCCACCGTACCGGAACGG
CTAACGCTATTGACTGCTATCTTCGGTGGACCGGACTCGATTCCCTATCCC
AATC

BC483
GAAAGAATGAGAACTGAATCAGTGATGGAACGTAAGGCTGTATTGAAGGG
GTGGGTGTTATCAGGAGTGTGTTAGTGATGTCCGAATGAAAAATAAGTGT
GTGCATTGGTGAGCAGCGAGAGGTGCCACGAAGTGTGGAGGTGGATTGAA
CACCCAATCAGAGGTATCCCAAGCTTCCCGGGTACCGCACACACACACA
CACACACACACACACACACACACACATCCCAAGCTTCCCGGGTACCGCA
TGACCCCAAGCTTACCGGGTACCGCATGATC

BC52
GCCGTTATCTGAACAAGAGTACGCTTGTTACCAACCGACAGGATACACGT
CAGCTCTACTGCATCATGACGATGCCAGACATGCGCGACTGTGAGAAGTG
CTGCATATAGACTTTGCATCTCTAGAAAGCGATGTACTCCCTCACACATTA
ACACAAATGAGTAATAAAATATTTTAAGGAGATTAGACTTATCTTGATTG
GTATTCATGTGAAGTGAGGGTGGATGGTGATTGATTTATTGGATGGAGGT
AGTAAGCAGGAAGTGACAGTGGATAGGAATAGGTTACATGCTGACGCGGA
ATATCACCCACTCCCCCACCACATAGTGCTCCAACACATGTCATCCTATTA
ATTCCACTGATGAGGTTGGAAGGGTATCATGTCACAATTGAAATACCAAT
AAAGCAATTTCTATACGAGTATGCACACACACACACACACACACACACA
CACACAAGCACACATTTATGACTATATAACAATCATGAACTTAAAACTTT
TTGCAAAGTACAACTGTTGCAATAGCTTGTATTCATACGGTGTTACAACTC
CCGAATTCGATT

BC633
TTCCTCCGCAACAATACTGCCAAAAAGTGAAGGCTTTAAAATGCCTAAAA
ACAATGTAAATTGAATGTATATATAAAGTAACTGTGAGTGTGTGTGCGT
GTGTGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGGGTGAGAGTGT
GTGTGTGTGTGTGTGTGAGAGAGACAGAGAGAGAGAGAGAGAGAGC
GAAAGATTTTGAATGAATAAATGAATGATTATCCCATTTAAAGCACTGGA
GTTATCTGTTAATACCAAAGTTAAGATAACATACGCAAATTTTAACCGGT
ACAGTAATTTATATATTTATCAACGGAGATGGGCGGTACCCGGGAAGCTT
GGGATC

BC67
TTTCAAATTGACGCCTGATAAGAAATCTGCTCGTCGATGAGGCCCTACCA
ATGATGAGGGTGAAATAATGAAATATTAATGTTGGGAACCACTCACACAC
ACTCACCCACACCCACACACACACACACACACACACACACACAGTCCC
CTGGTCATTGGAATGAACCAACGAAGATTAAAATCTCCGCCATGGGCCCT
TCGATC
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BC69
TCTCATCAAAGGCAATCTGCCGTCTTCTAATCTTAATTTTCTGATTTTGAA
TTCTGTAAACCATCTCTGTCCGCATCTTACAAATGGCAGTTGACATCAAAG
AGAGAGAAAACACGCGCGTGTCTCTCTCTCTCTCTCACTCACACACACA
CACACACACACACACATGCCCTGATAAAAACAGTAGTAGCCATTGGGAG
AAGGGTGAGTTCGAGTCCAAAAAATGGTCACCTTTTCAATTCTTACTTTCT
AGAACATCTCCCAATTGTTGATTCGCCAACATCATAATGCTGAGATC

BC90
TGCTTATCAGATGAAATGGGGCCCTAAGAAATGATGAAGTTGAAATACTA
ATCTTGGGAGCGACACACACACACCCAGTCCCCGGGTCATTGGAATTAGC
CAATGAGGGTTAAAATCTCCAACCCGGCCGGGAATCGAACCCGGAGCTCC
AGGGACCAAAGGCCAGCATGCCAACCACTTAGCCATGAAGCCGGACATG
AGAATCATTGAACCACTGTTGCGCACACACGCACGCACGCACACACACA
CACACACACACACACGCGCGCGCGCGACTGCTGCTCAACACGAAGACCC
TCCAGATTATGAGGTAACTCGCTATCCCAAGCTT

BC700
AGAGTTAGAGAATGAATGCGAGCTCTCTATCTCTTTCACACACACACACA
AGACACACACACACACACACACACACACACACACACGCACACACGCAC
GCACGCACGCACACACTTGCTTGCTATAGAGCTCCTGATGAAGGGAAGGA
CAGAGCCACCCACCCACTGCAAACTTCCTCACTCCTCATCTTTCTTAGTAC
GCCTCATTTTGATGTCGTCATTGGGTTTTCGGGTCTCCATGTACTCACATA
AGCTTTTGATATTTCTGTT

BC851
AACAAGTGCAGAAACAGATTCTGTGAAAGAGCCTTGGCTGGGGATGATGG
GGCATCCTGGGTTGTTGGCCTTATGTATCCAAAGCTTCCCGGGTACCGCA
CACACACACACACACACACACACACACACACATCCAAAGCTTCCCGGG
TACCGCCATGGGCCCTTCGAAT

BC644
AAGCTTCCCGGGTACCGTACACACACACACACACACACACACACACAC
ACACACATCCCAAGCTT

BC884
GAACAAGATTCGAACCTTGGCCGTACGGGTAGAACGCCGAAAATTAAACC
ATAGCACTAATTACGCTCTCCGCCCCTTCCCAATGGCTACCAATTGATTGG
ATATTATTGACGCATATACAGCAAATACTGCGCAGAGTGACCTGCACACA
CGCACACACACACACACACACACGCACACACACACACACACACACAC
ACACACACAGCGAGAGATGAGGAGACTGAGCAGGTGCTGAGCACTTACC
CGAGACATGAATTACTTAAGAAGTAAGAATGCTTGAAGACGTTTGCTTTC
AATCTTCTTCTTTCGCAGCTTTTTCCCACACTCCGGTGGAGTCACGGATGC
CAACTGTGTCGCAAATATGGACTTCGTTCCGTTATATGGCTGCGGTACCCG
GAAGCTTGG
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BC421
CACAGACCGAATGGCATTATCTTAAAAAAAAAACAGACCTGATATTCCTC
AAGAAATCCGTCTCTATCTCCATAGATGTTAATCCCAAGCTTCCCGGGTAC
CGCCACACACACACACACACACACACACACACATTTTCCA

BC89
AAGCTTCCCGGGTACCGCACACACACACACACACACACACACACACACAC
ACGCCGTGGTAACCAAGCTACAAGTGTTCGTCATGTATCTATACTAGGTC
AGTAGGATC

BC227
CTGGTGGGGTGTGTGTGTGTGTGTGTGTGTGTGTATATATAAATATAAT
GGTCTTGAGCTGCAGTTGTTTTGAGTGGATGGCCCACAGGATGTCAATCTG
CTGCTGAATAGGTATCTTGGAACTTTTTCCACAACCTGGAGACAACACTTT
AATTCACGTGAACAGTGTTGGCAATGTCAACTTGTCTCATATTCTATTGAT
GTGATC

BC398
CCAATTGCACAAAGCGAAAAATAATGGCACAAACACACACACACACACA
CACACACACACACACTGGAGCTGTTAGATAACGATC

BC606
GTTTTACCCGACGGAGCCCCTTGCTAAAATGCCTGCAGGTCGACACTAGA
GGACAATCTGTATATGTGTGTGTGTGTGTGTGTGTGTGTGTTTGTGTG
TGTGTGTGTTGGTGGAGGGAAAATCCCGGACAGCACCCGGGGACCCCGG
GATC

BC362
AAGCTTCCCGGGTACCGCCCAAGACTTTCCCACCACCAACACACACACAC
AAACACACACACACACACACACACACACACATATACA

BC47

ATGGCGCAATTGAAATACCAATAAAGCAATTTCTATACGAGTATGCACAC
ACACACACACACACACACACACACACACACACACACACACACACACA
CACCAGTCCCCGGGCCACTGGAATTAACCAATGAGGGTTAAAATCCCCGA
CCCTGCCGGGAACCGAACCCGGGGCCCCTGAGACCAAAGGCCAGCACGTT
AACCATTTAGCCATGGAACCGGACAACCGGTTCACTGATATGGCTAGTTA
ATGAGCTCACCTCGTAGGTCTCGCTCTTGAACGTGTTCTGTTTAAGCGTTT
GCACTCCGACCTGCTTTTCCTCTCGATCTGGTTCGAAGGGCCCATGGCGGA
CCCGGGAAGCTTGGGATCGTGCGGTACCCGGGAAGCTTGGGATACCCGGG
AAGCTTGG

BC966

AATTGCACAAAGCGAAAAATAATGGCACAAACACACACACGCACACAC
ACACACACACACACTGGAGCTGTTAGATAGCGATC
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BC800
AATTGCACAAAGCGATAAATAATGGCACAAACACACACACACACACACA
CACACACACACACACTGGAGCTGTTAGATAGCGATC

BC832
GAAAGTAATGAGAACTGAATCAGTGATGGAACGTAAGGCTGTATTGAAGG
GGTGGGTGTTATCAGGAGTGTGTTAGTGATGTCCGAATGAAAAATAAGTG
TGTGCATTGGTGAGCAGCGAGAGGTGCCACGAAGTGTGGAGGTGGATTGA
ACACCCAATCAGAGGTATCCCAAGCTTCCCGGGTACCGCACACACACAC
ACACACACACACACACACACACACACATCCCAAGCTTCCCGGGTACCG
CATGACCCCAAGCTTACCGGGTACCGCAT

BC158
GAAAGAATGAGAACTGAATCAGTGATGGAACGTAAGGCTGTATTGAAGGG
GTGGGTGTTATCAGGAGTGTGTTAGTGATGTCCGAATGAAGAATAAGTGT
GTGCATTGGTGAGCAGCGAGAGGTGCCACGAAGTGTGGAGGTGGATTGAA
CACCCAATCAAAGGTATCCCAAGCTTCCCGGGTACCGCACACACACACAC
ACACACACACACACACACACACACATCCCAAGCTTCCCGGGTACCGCATG
ACCCCAAGCTTACCGGGTACCGCAT

BC315
AGCGTTAGAGAATGAATGCGAGCTCTCTATCTCTTTCACACACACACACA
CACACACACACACACACACACACACACACACACACACGCACACACGCAC
GCACGCACGCACACACTTGCTTGCTATAGAACTCCTGATGAAGGGAAGGA
CAGAGCCACCCACCCACTGCAAACTTCCTCACTCCTCATCTTTCTTAGTAC
GCCTCATTTTGATGTCGTCATTGGGTTTTCGGGTCTCCATGTACTCACATA
AGCTTTTGATATTTCTGTTCGGGGATC

BC62
AATCCCGAGTATCCCAAGCTTCCCGGGTACCGCCATGGGCCCTGGTTCGA
AGGGCCCATGGCGTCCCGGGTTCGATTCCCGGCTGGGTCAGGGATTTTAA
TCTTCATTGGTTAATTCCAATGGCCTGGGGACTGGGTGTGTGTGTGTGTGT
GTGTGTGAGCGAGTGAGTGAGTATGCATCGTTGCAAAATACCAAAAATAC
TCCTCG

BC317
CTCAGGCATCAATGTGTGGTGTGTGTGAGAGTGTGAGTGTAAAAGAGG
TATAGAGTCCTCATTCATACTCAAACACAGGACACAAAAAGTCAATCTAA
AAGTCCTACAAACTTAGACACAAGACCCTCAACTTACAAACTCCCAACAT
ACCAATACCAATAACCGTAACCCACAATAATAACAACCACCCAAATTCCC
ACTTT
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BC285
TTTGAACCCCCTTCGAAATTCCCCTCGGAAATTGGGGAAAATGCCATACC
CGGGAAGCTTGGGATACTAACATTGATGAGGATGAAATAATAATTTTGGA
AACCACACACACACACACAGGAGCACACGCACACACACACACACACG
CACGCACGCACACGCACACACACACACACACACACACAGTCCTCGGGG
CAATGGAATTAAGCAATGAGAGTTAAAATCCCTGACCCTGCCAGAATCGA
ATTCGAGGCCCACGGGATCAGTCGACCTGCAGGCATGCAAGCTTGGCACT
GGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAAC
TTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAA
GAGGCCCGTACCGATCGCCCTTCCCAACAGTTGCGCAACCTGAATGGCGA
ATGGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGAATTTTACA
CCGCATATGGTGCACTCTCAGTACAATATGCTCTGATGCCGCATAGTTAA
GGCCAGTCTTGACACCCGTCAACACCCGCTGACGCGCCCTTGACAGGCTT
TGACTGCTCCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCCAGGA
GCTGCATGTGTCAGAGGTTTTAACCGTAATTAACCGAAACATGAGAGACT
AAAGGGCTAATGAAACGCCTATTTTTATAGGC

BC349
AGGGTGAAATACTAATGTTGGAAACCACACACACACACACACACACAC
ACACACAGGAACTAACCAATGAGGTTTAAAATCACCAACCCGGTCGGGG
ATCGTTCC

BC463
GAAGGGCCCATGGCGCGGTACCCGGGAAGCTTGGGATACTGTGCAGGAGA
GATACTGATTGGAGGGTAATTGGTGATTTAAATGAGACCATCGAGTGGGT
ATGTGGGAAACTGGGGCGGTACCCGGGAAGCTTGGGATACCAATGTGAAT
GCGGGGCGGGTGAAGTGCGGTACCCGGGAAGCTTGGGATT

BC347
GTATCCCAAGCTTCCCGGGTACCGCAATCATTCAATGCTTGCATTTGCTCT
TTCATCTCATCATTCAGTGCATGCATTTGCTCTTTCATCTCATCGTTTGCTT
CTCTGATCTCGAAGGGCCCATGGCGTTACATATGGAAAACTGACGTAACC
TAGCTCAATGAACTCGTGGTTACGGTATGTCACTCACACACACACACAC
ACACGCACACACACACACACACACACTTACACGACTTACATAAGCGGAT
C

BC481
GGGATTAACTCAAACCCAGTACATCAAGGCCCCCGACACTCCCACTGAAA
CACACACAACAAACTCGAAAGGCACACAAACAGATAAACCCACTAAAAC
CACATTTCATAAACAAACGCAAACAACAAAAGAGCCCAGCCGGACCAGG
ATTTCGGGCCCCGACCAGTACGCGGGAAAAGACCAAGCCCTAACAAAAA
ACACCTCTCGCCATGGGCCCTTCGAACCCGCCATGGGCCCTTCGAA
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Sample site locations

Montpellier, Herault
Collection from Gigean, approximately 17 miles west of Montpellier on the N113.
Collection from the roundabout and waste ground on either side of the roundabout.

Porte Puymorens, Pyrenees Orientales
Collection from side ofN20 either side of the first hairpin bend north of Porte
Puymorens

Ariege, l'Ariege
Collection on N20 on second hairpin bend after the turnoff onto Andorra on N22.

Lodeve, Herault
Collection past Lodeve on the N9, right hand turning onto the D153. Past the first
and hairpin bend approximately 1 mile on the side of the road.

Mazaugues, Provence
Entering the village from the west just before the village sign there is some waste
ground on the right hand side of the road next to some playing fields.

Clermont l'Herault
Just before driving into the village from the North on the N9. Collection from the
Fields on the left hand side (houses opposite).

Carcassonne, Pezens la Bastide
Collections from vineyards

Sauto, Pyrenees Orientales
First hairpin after Mont Louis on the N116, on the bend there is a road on the right
hand side. Follow the road up past the reservoir on the left hand side until you come
to a track/footpath the footpath leads to the village Sauto. The collection was made
approximately 2 km along this path on the right hand side by a stone gatepost.

Liar, Pyrenees Orientales
Turnoff to the village is the first right hand turning on the N116 after the village of
Font Pedrouse. The collection was made in the meadows above the village.
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Genototypes of the 10 populations investigated. The loci are BC299, BC633, BC69,
BC67 and BC52 respectively (Genepop format, Raymond and Rousset 1995).

Montpellier 1998

MONTPELLIER1, 0805 0606 1919 3118 0208
MONTPELLIER2, 1414 0606 1915 2022 0207
MONTPELLIER3, 0909 0606 1916 2231 0208
MONTPELLIER4, 0505 0808 1916 2231 1009
MONTPELLIER5, 1306 0606 1916 2020 1010
MONTPELLIER6, 0708 0707 1916 2020 1010
MONTPELLIER7, 0505 0808 1916 2018 0809
MONTPELLIER8, 0303 0808 1919 2020 0202
MONTPELLIER9, 1308 0606 1717 2020 0708
MONTPELLIER10 0505 0808 1716 1807 1008
MONTPELLIER 11 0605 0606 1716 3120 1008
MONTPELLIER 12 0806 0603 1616 3020 0908
MONTPELLIER13 0906 0707 0909 2218 0808
MONTPELLIER 14 1308 0707 1919 2218 0707
MONTPELLIER 15 0605 0707 1509 2205 0707
MONTPELLIER16 1305 0606 1916 2220 0910
MONTPELLIER17 1308 0707 1916 2422 0708
MONTPELLIER 18 0705 0707 1616 2422 0202
MONTPELLIER 19 0605 0505 1311 2009 0907
MONTPELLIER20 1305 0606 1615 1806 0208
MONTPELLIER21 0806 1106 1513 2020 0202
MONTPELLIER22 0505 0505 1313 2005 0202
MONTPELLIER23 0605 0707 2502 2020 1008
MONTPELLIER24 1406 0606 1613 2808 0909
MONTPELLIER25 0808 0707 1711 3109 0909

Clermont l'Herault 1998

CLERMONT 1,
CLERMONT2,
CLERMONT3,
CLERMONT4,
CLERMONT5,
CLERMONT6,
CLERMONT7,
CLERMONT8,
CLERMONT9,

0808 0706 1714 2910 0808
0808 0606 2416 3329 0808
0802 1010 1611 2913 0405
0202 0707 2624 1111 0708
0205 0606 1717 2513 1008
1010 0606 1401 2525 1008
0805 0707 2814 2525 1008
0202 0606 2413 2525 0108
0205 0505 3811 3219 0708
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CLERMONT 1, 0605 0606 2401 1710 0103
CLERMONT 11, 0909 0606 2214 1313 0308
CLERMONT 12, 0909 1010 1612 2914 1005
CLERMONT 13, 0908 0606 1614 1919 0803
CLERMONT 14, 1002 0707 1714 2525 0303

CLERMONT 15, 0808 0707 1912 2727 0808

CLERMONT 16, 0907 0606 2216 2314 0805
CLERMONT 17, 0808 0808 1212 1711 0505
CLERMONT 18, 1010 0606 1909 2929 0707
CLERMONT 19, 0808 0606 2812 2323 0303

CLERMONT20, 0505 0606 1714 2913 0505

CLERMONT21, 0505 0606 2204 2121 0808

CLERMONT22, 0808 0707 1604 2325 0107

CLERMONT23, 0808 1006 3316 2114 0101

CLERMONT24, 1005 0605 3014 1713 0707

CLERMONT25, 0601 1007 3120 2323 0303

TAriege

ARIEGE1, 0404 0606 3216 3638 0202

AR1EGE2, 0408 0606 2416 3836 0202

ARIEGE3, 0808 0606 3630 3836 0709

ARIEGE4, 0404 1010 2416 3636 0202
ARIEGE5, 0404 0000 2424 3838 0909
ARIEGE6, 0808 1010 2412 3636 0707
ARIEGE7, 0404 0606 0909 3836 0204
ARIEGE8, 0804 0606 0909 3636 0707
ARIEGE9, 0804 0606 2416 3836 0808
ARIEGE10 0804 1010 2412 3838 0907
ARIEGE11 0404 0606 1612 3535 0907
ARIEGE12 0404 0606 2424 3838 0707
ARIEGE13 0404 1010 1212 3636 0207
ARIEGE14 0808 1010 3524 3836 0402
ARIEGE15 0804 0606 3712 3636 0902
AR1EGE16 0404 0606 3216 3938 0407
ARIEGE17 0804 1010 1212 3636 0209
ARIEGE18 0808 1010 3509 3636 0704
ARIEGE19 0804 1010 2612 3636 0904
ARIEGE20 0404 1010 3709 3936 0904
AR1EGE21 0404 0606 1609 3936 0707
ARIEGE22 0808 1010 1209 3635 0707
ARIEGE23 0804 0606 3716 3939 0404
ARIEGE24 0804 0606 0909 3638 0709
ARIEGE25 0404 1010 1612 3635 0909



Carcassonne, (Pezens la Bastide 1998)

CARCASSONNE 1, 0505 0606 2121 0000 0102
CARCASSONNE2, 0605 0606 1513 0000 0202
CARCASSONNE3, 0505 0906 2222 0000 0302
CARCASSONNE4, 0607 0606 2222 0000 0405
CARCASSONNE5, 0707 0603 1313 0000 0507
CARCASSONNE6, 0706 0906 2107 0000 0905
CARCASSONNE7, 0606 0606 2424 0000 0401
CARCASSONNE8, 0707 0603 2417 0000 0107
CARCASSONNE9, 0707 0909 2116 0000 0903
CARCASSONNE 10 0606 0606 2424 0000 0107
CARCASSONNE 11 0707 0603 2417 0000 0909
CARCASSONNE12 0909 0906 1906 0000 0201
CARCASSONNE 13 0706 0906 2809 0000 0202
CARCASSONNE 14 0707 0609 1322 0000 0101
CARCASSONNE15 0606 0606 2222 0000 0303
CARCASSONNE 16 0707 0606 2424 0000 0405
CARCASSONNE 17 0606 0606 1309 0000 0203
CARCASSONNE 18 0607 0906 0904 0000 0302
CARCASSONNE 19 0707 0606 1313 0000 0102
CARCASSONNE20 0606 0306 1324 0000 0705
CARCASSONNE21 0707 0606 1313 0000 0102
CARCASSONNE22 0707 0906 1111 0000 0709
CARCASSONNE23 0707 0606 2407 0000 0909
CARCASSONNE24 0604 0606 1611 0000 0701
CARCASSONNE25 0906 0609 1313 0000 0101

Porte Puymorens 1998

PUYMORENS1, 0606 0202 2121 0000 0909
PUYMORENS2, 0606 0202 2421 0000 1010
PUYMORENS3, 0606 0202 1403 0000 0707
PUYMORENS4, 0606 0202 0103 0000 1007
PUYMORENS5, 0606 0202 1414 0000 0202
PUYMORENS6, 0606 0202 2121 0000 0202
PUYMORENS7, 0606 0202 2121 0000 0202
PUYMORENS8, 0606 0202 2403 0000 0404
PUYMORENS9, 0606 0202 1414 0000 0709
PUYMORENS 10, 0606 0202 1414 0000 1010
PUYMORENS11, 0606 0202 2414 0000 0202
PUYMORENS 12, 0606 0202 1403 0000 0402
PUYMORENS 13, 0606 0202 2103 0000 0202
PUYMORENS 14, 0606 0202 2114 0000 0202
PUYMORENS 15, 0606 0202 2114 0000 0707



PUYM0RENS16, 0606 0202 2121 0000 0910
PUYMORENS17, 0606 0202 2403 0000 1010
PUYMORENS18, 0606 0202 2121 0000 1010
PUYMORENS19, 0606 0202 2121 0000 0202
PUYMORENS20, 0606 0202 2114 0000 0404
PUYMORENS21, 0606 0202 1414 0000 0202
PUYMORENS22, 0606 0202 2103 0000 0202
PUYMORENS23, 0606 0202 2121 0000 0202
PUYMORENS24, 0606 0202 2103 0000 0202
PUYMORENS25, 0606 0202 2103 0000 0202

Mazaugues 1998

MAZAUGUES 1, 1007 1206 2121 2611 0102
MAZAUGUES2, 0707 1406 2221 3418 0104
MAZAUGUES3, 1007 0606 1202 4040 0207
MAZAUGUES4, 0707 0606 1002 2611 0809
MAZAUGUES5, 0807 1206 1002 0808 0708
MAZAUGUES6, 1207 0606 1210 2626 0107
MAZAUGUES7, 0707 1206 0514 1008 0108
MAZAUGUES8, 0707 1408 1212 1008 0407
MAZAUGUES9, 0707 0909 0505 2212 0809
MAZAUGUES 10, 1007 0909 2614 0811 0909
MAZAUGUES 11, 1313 0909 2727 4008 0201
MAZAUGUES 12, 1307 0909 2721 1111 0401
MAZAUGUES 13, 0707 0909 2622 1111 0709
MAZAUGUES 14, 1307 0909 2702 1111 0909
MAZAUGUES 15, 0707 0906 0502 1108 0202
MAZAUGUES 16, 1010 0904 1414 2608 0809
MAZAUGUES 17, 1307 0909 1919 2809 0201
MAZAUGUES 18, 1207 0606 1704 2240 0708
MAZAUGUES 19, 0707 0909 0505 4011 0901
MAZAUGUES20, 0707 0906 0805 1808 0902
MAZAUGUES21, 0707 1306 2419 2619 0807
MAZAUGUES22, 0707 0906 2121 0908 0104
MAZAUGUES23, 0707 0906 1205 0808 0202
MAZAUGUES24, 0713 1306 1205 4010 0101
MAZAUGUES25, 0807 0606 2721 1616 0809

Lodeve 1998

LODEVE1, 0602 0707 2018 0101 0507
LODEVE2, 0906 0606 2916 0503 0809
LODEVE3, 0905 0707 2418 2401 1007
LODEVE4, 0606 0606 0606 1203 0405



L0DEVE5, 0707 0706 1606 0503 0102
LODEVE6, 0606 0606 0606 1716 2218
LODEVE7, 0615 0603 2017 2407 0408
LODEVE8, 0202 0606 2011 0808 0910
LODEVE9, 0505 0606 1616 0413 0102
LODEVE10, 0707 0707 2406 0503 0305
LODEVE11, 0202 0606 2411 1301 0709
LODEVE12, 1515 0707 2823 3103 0709
LODEVE13, 1515 0707 2411 1101 0505
LODEVE14, 0808 0606 1919 0502 0505
LODEVE15, 0607 0806 2316 0101 0505
LODEVE16, 0606 0707 2017 0403 0103
LODEVE17, 0202 0707 3428 3030 0809
LODEVE18, 0505 0707 2020 0101 0808
LODEVE19, 0705 0606 1914 3105 1010
LODEVE20, 0707 0000 1916 0603 0103
LODEVE21, 0705 0707 1616 3103 0403
LODEVE22, 0202 0707 2009 2504 0708
LODEVE23, 0000 0000 0000 0000 0000
LODEVE24, 0808 0606 2316 1301 0203
LODEVE25, 0602 0707 2611 2525 0808

Sauto 1998

SAUTOl, 0606 0101 2622 1033 0404
SAUT02, 0606 0101 2016 1010 0505
SAUT03, 0606 0101 1615 2121 0405
SAUT04, 0606 0101 2215 2110 0104
SAUT05, 0606 0101 2727 3636 0405
SAUT06, 0606 0101 2222 3614 0104
SAUT07, 0606 0101 3922 3633 0101
SAUT08, 0606 0101 2522 1010 0401
SAUT09, 0606 0101 2222 1010 0404
SAUTO10, 1106 0101 2216 1010 0404
SAUTOl 1, 1106 0101 2215 1010 0405
SAUTO 12, 0606 0101 3025 2121 0104
SAUT013, 0606 0101 2222 3333 0105
SAUTO 14, 0606 0101 1715 3610 0404
SAUTO 15, 0606 0101 2215 3621 0404
SAUTO 16, 0606 0101 2222 2121 0501
SAUTO 17, 0606 0101 2727 3614 0404
SAUTO 18, 0611 0101 2722 3633 0505
SAUT019, 0611 0101 2722 3636 0405
SAUTO20, 0606 0101 2222 3614 0104
SAUT021, 0606 0101 2522 3633 0104



SAUT022, 0606 0101 1615 1033 0404
SAUT023, 0606 0101 1715 3633 0404
SAUT024, 0606 0101 2220 3633 0404
SAUT025, 0606 0101 2215 3636 0404

Sauto 1997

SAUTOU106 0101 1907 3310 0405
SAUT02.1111 0101 1515 3310 0404
SAUT03,0606 0101 2015 1031 0404
SAUT04,0606 0101 1515 1410 0404
SAUT05,0606 0101 1705 1410 0404
SAUT06,1106 0101 1505 1414 0504
SAUT07,0606 0101 1507 1614 0505
SAUT08,0606 0101 1911 3314 0404
SAUT09,0606 0101 1707 1010 0104
SAUTO 10,0606 0101 1507 1010 0101
SAUTOl 1,0606 0101 1919 1010 0401
SAUTO 12,0606 0101 1515 3336 0404
SAUTO 13,0606 0101 1515 3333 0404
SAUTO 14,1106 0101 1818 3636 0404
SAUT015,0606 0101 1611 1010 0504
SAUTO 16,0606 0101 1515 1010 0104
SAUTO 17,0606 0101 1513 3110 0404
SAUTO 18,0606 0101 1907 3633 0505
SAUTO 19,0606 0101 1915 1010 0404
SAUTO20,0606 0101 1505 1016 0104
SAUT021,0606 0101 1513 1616 0101
SAUT022,0606 0101 1513 3610 0401
SAUT023,0606 0101 1307 1433 0404
SAUT024,0606 0101 1507 1414 0104
SAUT025,0606 0101 1507 1010 0104

Liar 1997

LLAR1,0606 0101 1919 2110 0505
LLAR2,0606 0101 2019 3636 0401
LLAR3,0606 0101 1719 3610 0707
LLAR4,0606 0101 2017 1010 0504
LLAR.5,0606 0101 1717 1414 0404
LLAR6,0606 0101 1919 2121 0404
LLAR7,0606 0101 1919 0909 0404
LLAR8,0606 0101 2215 2121 0101
LLAR.9,0606 0101 2822 3614 0507
LLAR 10,0606 0101 2822 3636 0501



LLAR11,0606 0101 1919 1410 0101
LLAR 12,0606 0101 2520 1410 0404
LLAR.13,0606 0101 2720 1010 0104
LLAR 14,0606 0101 1115 1010 0505
LLAR 15,0606 0101 1915 3614 0501
LLAR 16,0606 0101 2816 3614 0507
LLAR 17,0606 0101 2016 3621 0505
LLAR 18,0606 0101 2015 2110 0404
LLAR 19,0606 0101 2220 1414 0707
LLAR20,0606 0101 2720 1414 0401
LLAR21,0606 0101 2727 1010 0504
LLAR22,0606 0101 2715 1010 0401
LLAR23,0606 0101 3928 1014 0407
LLAR24,0606 0101 2715 1409 0505
LLAR25,0606 0101 2228 1436 0404

Code conversion from Genepop format to allele size (bp).

Genepop code BC299 BC633 BC69 BC67 BC52
01 236 196 145 80 137

02 237 250 147 82 142

03 239 264 148 88 144

04 241 268 149 90 149

05 243 269 150 92 152

06 246 272 151 94 154

07 247 276 152 96 155

08 249 280 153 98 162

09 242 285 154 100 170

10 254 290 155 102 176

11 255 294 156 104

12 257 300 157 106

13 259 310 158 107

14 261 315 159 108

15 279 160 109

16 162 111

17 164 112

18 165 115

19 166 116

20 167 117

21 168 118

22 169 119

23 171 120

24 172 121

25 174 122



26

27

28
29

30
31

32
33
34

35
36

37
38

39
40

Appendix 3

175 123
176 126
178 127
179 128

181 129
182 130

185 132
186 133
190 135
191 136
192 138

195 152

199 154
204 160

168

190
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Appendix 4

Cricket culturing

Crickets were cultured according to Warne (1972) and Hartley and Warne (1972).

Adult male and female crickets were collected from Montagne de la Gardiole (West

of Montpellier, Herault, France in July 1997). Adult male and females were

maintained together in cylindrical cages (-45 cm x 15 cm) and fed ad libitum with

fish flakes, pollen and green plants. Oviposition tubs filled with silver sand were

provided and the sand was sieved for eggs every two days. The eggs were placed in

petri dishes (90 mm) with a layer of cotton wool covered by a filter paper (90 mm,

Whatman). All eggs were maintained at ambient temperature until they were

returned to the laboratory. Once back in the laboratory the eggs were placed at 25°C

on a 12 h LD cycle.

Eggs were checked individually for development after the first month of incubation

at 25°C and thereafter every 2 weeks. The eggs were checked using a Binocular

microscope at a magnification of x 20. If eggs had developed to catatrepsis (stage

23 see Hartley 1990), eggs were placed on a new petri dish and placed in an

incubator at 8°C for at least 90 days. After incubation at this temperature for a

minimum of 90 days, eggs were taken out and placed at room temperature for

hatching 20-25°C. Eggs started hatching after -2 weeks following removal from

8°C.
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Early instars were maintained in cylindrical mesh cages (-45*30*30 cm, -3 to a

cage). Later instars were maintained 1 to a cage in order to prevent cannibalism.

Following hatching all nymphs and adults were maintained on a 12 h LD cycle and

fed ad lbitum with fish flakes, pollen and cabbage.
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