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Abstract

Thirty-four sites were sampled for rabbit tissue, for 
use in starch gel electrophoresis. Thirty-two loci were 
identified, five of which were polymorphic. Of these two 
(Sod-1 and Mpi-2) were widely polymorphic, the other 
three (Icd-2, Agp-1 and Mae-1) occurring at one site 
each. Genetic distances were consequently low, being no 
greater than 0.062 between any two individuals. However 
Fst and FIS values of 0.415 and 0.421 respectively 
indicated the rabbit population as a whole is subdivided, 
with individual populations being genetically distinct.

Gene flow calculations indicated only 1 rabbit every 3 
years were moving between populations studied, 
underlining the degree of isolation of these populations.

Nineteen of the thirty-four sites were analysed 
further using the RAPD method of DNA analysis. Of 66 
fragments revealed, 6 were found to be polymorphic. 
Genetic distances ranged from 0 to 0.04 between 
populations. However parsimony analysis revealed 
individuals from the same population grouping together, 
indicating subdivision within the rabbit population as a 
whole.

RAPD analysis of 4 flea populations gave 4 polymorphic 
fragments from 19 discovered. This resulted in larger 
genetic distances, averaging 0.088 between sub
populations. However parsimony analysis indicated the 4



populations were less genetically distinct than analysis 

of rabbit tissue indicated. Consequently, this indicated 

more rabbit movement than was suggested from the rabbit 

data.
It was suggested that rabbit movement over the 

geographic scale of the study is low. However, the flea 

data indicates that some movement may occur, and it was 

hypothesized that this may occur in the form of single 

rabbit movements (perhaps as a result of expulsions of 

young males from colonies).

In terms of rabbit control measures, this indicates 

that localized control methods will be effective without 
fear of large scale migrations into the cleared area.
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Chapter 1:

General Introduction



1.1 The Origins and Spread of the European Rabbit 
(Oryctolagus cuniculus)

The European rabbit {Oryctolagus cuniculus) was 
restricted to the Iberian peninsula around 3,000 years ago 
(Flux & Fullagar, 1992) . The Phoenicians recorded it as 
being abundant there in 1100 BC. Rabbits were thought to be 
more widely distributed between ice ages, as 120,000 year 
old fossils were found in France. North African fossils 
date only to the Palaeolithic or Neolithic ages and probably 
represent early liberations by man.

The Romans valued rabbit meat, farming them in 
"leporaria", and probably helped to spread the species 
across Europe, although they are not thought to have 
introduced the species to Britain. It is the Normans who 
are credited with the introduction of the European rabbit 
into the British Isles in the twelfth century. They also 
farmed the species for its meat and fur. Wild populations 
are probably the result of escapes and releases. On a 
global scale the European rabbit has been introduced from 
Europe to various parts of the world including north and 
south America, New Zealand, Australia and over 800 islands 
world-wide (Flux & Fullagar, 1992). The reasons for rabbit 
introduction to islands are many and varied. Their fur and 
meat, and their sporting value are the major reasons, 
although they have also been introduced to control 
vegetation and in one case they were released on a Japanese 
island to amuse tourists (Yamada, 1991).
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1.2 Population Dynamics
In Britain the breeding season in rabbits lasts from 

February or March to July or August, depending on the local 
climate. In East Anglia the breeding season was shown to be 
influenced by the severity of the proceeding winter (Bell & 
Webb, 1991). Milder winters, produced earlier vegetation 
growth and hence increased food levels. This facilitated an 
earlier start to the breeding season. In general the 
breeding season lasts from 4.5 to 5.5 months, allowing an 
overwintering doe to produce 4 or 5 litters in a year. In 
Australia it was noted that low levels of crude protein in 
the forage (less than 14%) and dry matter digestibility, 
under (less than 60%) in conjunction with restricted access 
to water, prevented the rabbit from breeding (Leigh, Wood, 
Slee & Holgate, 1991) . Gestation lasts 28 to 30 days, and 
mating occurs immediately postpartum so that the females are 
continually producing offspring during the breeding season. 
The young are weaned after 3 weeks. At the peak of the 
breeding season 95% of sexually mature females in a colony 
will be pregnant. Average litter size is 3.94, with litters 
generally ranging from 3 to 5. Sex ratio at birth is close 
to 1:1 (Southern, 1940). This continuous breeding during 
the season causes a population explosion during the late 
spring and summer months.

Mortality within rabbit populations is high. In one 
study 59 out of 70 breeding adults of a population were 
noted to have died in one year (Southern, 1940). Mortality 
is caused by a number of factors. The rabbit is predated 
upon by all the major carnivores in Britain including foxes.
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badgers, stoats, weasels, rats, polecats, crows, buzzards 
and owls (Mills, 1986). They are also extensively hunted by 
man. Winter mortality is also high amongst rabbits, due to 
reduced food levels, parasitism and disease. Smaller 
individuals in particular suffer from pneumonia and 
exposure, especially during wet and cold weather when their 
fur becomes soaked.

1.3 Pest Status
It is the rabbit's summer populations which cause its 

pest status. Large populations were documented in county 
Londonderry in the early nineteenth century. An area of 
1,500 acres yielded an average of 2,000 rabbit skins per 
year (Sampson, 1814). The meat was generally consumed by 
local people and the fur was sold to hatters from Dublin and 
England for 8 to 12 shillings (40p-60p) per dozen. Later 
reports in the local press give an early indication of the 
pest status of the rabbit in the north Londonderry and north 
Antrim areas. Royal Portrush golf club reported a plague of 
rabbits in 1932. During the second world war, the Ministry 
of Agriculture recognised that rabbit damage outweighed its 
food value, and encouraged gassing by making powder 
available to farmers at half price (Anon, 1940) . Two 
further reports stated rabbit numbers had increased recently 
and farmers urged government bodies to make gassing powders 
available once again at half price, as already pertaining in 
Scotland at the time (Anon, 1941). At this time farmers in 
the glens of Antrim claimed that the carrying capacity for
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domestic stock was reduced by 50% due to rabbit populations, 
and also identified losses due to crop damage.

Rabbits are recognised as prolific eaters with estimates 
showing that eight rabbits consume as much food as one 
sheep. Taking into account that a Scottish hill farm of 
580ha had an estimated overwinter population of 10,000 
rabbits (Kolb, 1993), simple mathematics indicate the 
potential production lost. In fact, in 1986, rabbit damage 
was estimated at between £90 and £120 million pounds per 
year in Great Britain (Mills, 1986). It was also noted that 
at the time rabbit numbers were on the increase, signaling 
potentially more damage in future.

Rabbits have been noted to feed in a zigzag manner 
(Southern, 1940), implying a selective feeding habit. They 
were shown to prefer young green grass especially Festuca 
species, although other species make up significant levels 
of their diets at various times of the year (Williams, Wells 
& Wells, 1973). Further studies confirmed selective 
grazing, with the rabbit preferring monocotyledonous grasses 
as the major part of their diet. Mosses and dicotyledons 
become more important contributors to diet during spring and 
summer (Bhadresa, 1977) . This may due due to either plant 
availability or preference for young plants. Although 
grazing is selective there is no evidence that a particular 
species will be totally grazed out, although a significant 
decrease in certain species was noted (Crawley, 1990) .

This apparent preference for young plants has serious 
consequences when considering crop damage. Rabbits of
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moderate overwintering density (3.3 per hectare) were shown 
to cause maximum damage when exposed to winter wheat during 
November and December, when the plants were youngest 
(Crawley, 1989). During November in this study, rabbits 
caused a shoot mortality rate of 38.5%, reduced final ear 
size by 18.4%, the final number of grains per ear by 7% and 
individual mean grain weight by 22.3%. In addition to 
direct damage, the defoliation encouraged increased 
weediness which in itself can cause up to 47% reduction in 
yield. Grazing also encouraged new growth and increased the 
number of young plants, which in turn encouraged aphid 
infestation. As grazing is patchy, often occurring around 
field margins, there was the problem of delayed ripening in 
some areas of the field, causing problems for harvesting. 
Over the three year study, allowing the rabbits access to 
the wheat at various times of its growth, average yield 
losses lay between 17-30%.

During adverse weather conditions, especially if there is 
extensive snow cover, rabbits will gnaw the bark of saplings 
such as hedgerow elm (Ulmus sativa) and Scots pine {Pinus 
sylvestris) (Southern, 1940). Considering forestry in 
Britain is often encouraged and practised in highland 
areas, snowfall will tend to be a likely winter feature each 
year. In northwest America, lagomorphs in general are 
recognised as major forestry pests. Although north 
American lagomorphs prefer clovers, grasses and sedges, 
during the winter, when these are not available their diet 
includes woody plants. They concentrate feeding activity on 
twigs, stems and branches up to 6mm in diameter, although
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they will also bark larger plants (Zedler & Black, 1992). 
This selection of younger plants demonstrates a preference 
for plants with a higher water content and causes particular 
concern in protecting nursery plants. An Australian study 
identified the European rabbit as a major pest affecting the 
regeneration of the shrub Acacia carnal, a medium sized 
shrub of arid Australia. In a grazing experiment it was 
found rabbits were the major causal factor preventing Acacia 
regeneration, as the rabbits ate virtually all suckers 
produced by the plant (Auld, 1993) . Furthermore they would 
also eat young plants and ringbark those plants up to 1.5 m 
in height, usually killing them.

1.4 Positive Aspects
On a more positive note rabbits are a major food source 

for many predators in Britain. In the Avon valley, a study 
showed that 20 pairs of buzzards which had previously 
produced between 28 and 33 young per year, reared no chicks 
in 1955 and only 7 in 1956, following the outbreak of 
myxomatosis in the area (Mills, 1986). In Ireland farmers 
expressed concern over the new diet of foxes following 
myxomatosis, fearing for the poultry and young lambs. 
However a study indicated that post myxoma foxes in counties 
Antrim and Down increasingly predated the brown rat (Rattus 
norvegicus) rather than young lambs (Fairley, 1966).

A further positive aspect of rabbits is that they can 
act as a seed dispersal agent. Out of 1,000 seeds passed in 
the faeces by rabbits, 87 were shown to be germinable. 
This may be important to a plant species which lacks
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dispersal enhancing traits, thereby affecting distribution 
and the long term dynamics of these species (Zedler & Black, 
1992).

1.5 Myxomatosis
Myxomatosis is a disease caused by myxoma, a pox virus 

which occurs naturally in some south American lagomorphs, 
producing only mild symptoms and facilitating a full 
recovery. However the disease is often fatal in the 
European rabbit. The virus has an incubation period of 5 to 
7 days, after which the rabbit suffers a watery discharge 
from the eyes. Within two days the discharge thickens, the 
eyelids swell and close over rendering the rabbit blind. 
Swelling also occurs in the anogenital region, the base of 
the ears and around the nose. These symptoms collectively 
make the rabbit more susceptible to predation, increase the 
numbers killed on highways, minimise the rabbit's chance of 
finding shelter from wet or cold conditions, and reduce 
foraging. A fully virulent infection in a completely 
susceptible rabbit will result in death within 13 days of 
infection. Myxoma is transmitted between rabbits by means 
of a vector transferring infected blood by purely mechanical 
means (on their mouthparts). Vectors include species of 
flea and mosquito.

Since the introduction of the rabbit to Australia it has 
multiplied at an exponential rate. This has cost the 
Australian farmer in terms of lost produce, time and control 
measures. Due to the susceptibility of the European rabbit 
to myxoma, Aragao (1927) suggested that the virus could be
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used to control rabbit numbers in Australia. The New South 
Wales Department of Agriculture obtained samples of the 
virus from Aragao to carry out infection tests. They found 
that excreta and burrows of diseased rabbits did not spread 
infection, but contact with other diseased rabbits did. 
Some years later Sir Charles Martin of the Lister Institute 
(1936) carried out more infection experiments, and found the 
disease could spread through a population and still maintain 
a high virulence. Further work by Bull and Dickinson in 
Australia, confirmed that domestic animals, rats, marsupials 
and hares were not susceptible. In a range of studies from 
1936 to 1943 Bull and Mules used the native stickfast flea 
as a possible vector for myxoma spread. However in the 
semi-arid test site the experiment met with little success. 
However a later series of releases in the Riverina area 
produced a dramatic spread of infection causing a mortality 
rate of 99.8% (Myers, Marshall & Fenner, 1954) . The 
infection spread from a Murray valley site and was detected 
along the swamps and floodplains of the Murray-Darling 
system. Infection spread quickly until June 1951. A second 
epizootic in 1952 caused a 90% mortality rate, and mosquitos 
were confirmed as the main vector of the disease. The 
mosquito has been described as a "flying pin" because of its 
method of infection, which is purely mechanical. The virus 
displayed no change within the mosquito, but was carried as 
an external contaminant on the vectors mouthparts.

Official diagnosis of the first rabbit death due to 
myxoma in Britain was confirmed on 13 October 1953 at 
Edenbridge in Kent, and every attempt was made to stamp out
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the disease before it spread (Armour & Thompson, 1954) . A 
200 acre (80 ha) area was fenced off and an attempt was made 
to irradicate all rabbits within that area. All dead bodies 
were burned. These measures proved unsuccessful as a 
further two outbreaks were recorded within a mile and six 
and a half miles of the original site. Once again attempts 
were made to irradicate the disease, and for three months 
the scheme seemed to have succeeded. However infection re
occured on the sites in March and spread outside the 
original perimeter. Infection spread peripherially at a 
rate of up to 3 miles per month. Meanwhile, by the end of 
1954 myxomatosis had spread to every county in England and 
Wales (Mead-Briggs, 1966). This spread, although helped by 
natural vectors, was largely due to human intervention. 
Even in the original Edinbridge outbreak it was known there 
was at least one instance of human assisted spread (by 
moving an infected rabbit). The first outbreak of myxoma in 
Northern Ireland was reported in August 1954 (Anon, 1954) 
and was certainly introduced by man.

Myxomatosis killed an estimated 99% of wild rabbits in 
Britain in 1953 (Ross, 1982). However, in succeeding years 
outbreaks caused a lower mortality rate. This may be 
accounted for in a number of ways. In 1955 a less virulent 
form of the virus was discovered in Sherwood Forest (Hudson 
& Mansi, 1955). When a number of additional mutant strains 
were discovered, an arbitrary grading system was drawn up 
(Fenner & Marshall, 1957). Five grades were established 
ranging from grade I causing >99% mortality to grade V 
causing <50% mortality. Grade III was later subdivided into
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two sub-sections, Ilia and Illb, with two separate virulence 
ranges.

Independent experiments carried out in Britain, France 
and Australia showed a shift in frequency of occurrence of 
virulence grades over the years.

Table 1: Incidence of Field Strains (Expressed as a 
percentage) of Myxoma Virus in Britain, France and Australia 
(Ross, 1982) .

Virulence Grade I
Mortality Rate (%) >99

Mean Survival time (days) <13
II Ilia Illb IV V

95-99 90-95 70-90 50-70 <50
14-16 17-22 23-28 29-50 -

Gt. Britain 
1953 
1962 
1975

100 0 0 0 
4.1 17.6 38.8 24.8
1.6 24.2 51.6 13.3

0 0 
14.0 0.9 
9.4 0

Australia
1950-1
1958-9
1963-4

100 0 0
0 25 29
0 0.3 26

0 0 0
27 14 5
33 31 9

France
1953
1962
1968

100 0 0 0 
11 19.3 34.6 20.8
2 4.1 14.4 20.7

0 0 
13.5 0.8 
58.8 4.3

The trend for lower virulence strains to replace the 
highly virulent grade I is demonstrated in table 1. As the 
lower grades provide a longer average survival time and 
lower mortality rate, they allow more time for the disease 
to spread to other rabbits. From table 1. it may be seen 
that grade Ilia predominates in Britain, whereas grades Illb 
and IV predominates in France and Australia. This may be 
accounted for by considering the prime vector involved in 
myxoma spread. In Britain the main vector is the European 
rabbit flea {Spilosyllus cuniculi) which passes grade Ilia 
preferentially because this strain produces a higher titre



in the rabbit host. However in France and Australia the
main vector is the mosquito. Its longer mouthparts 
compensate for the lower titres of grades Illb and IV.

A second important factor instrumental in the drop in 
mortality caused by myxoma is the innate resistance to the 
disease which has been developed over the years. It was 
reported that between 1966 and 1969 British wild rabbits 
showed a mortality rate for the grade Ilia strain which was 
not significantly different from laboratory rabbits (Ross, 
1977) . However over the next few years the sensitivity of 
wild rabbits to the grade Ilia strain fell considerably from 
59% mortality in 1970 to 20% in 1976. Rabbits tested were 
previously myxoma antibody-free. Therefore, Ross puts the 
increased immunity down to a genetic resistance. It has also 
been noted that immune mothers will pass anti-bodies on to 
their young, which will protect them from infection for the 
first 2-3 months of their lives (Mead-Briggs, 1973). If the 
young come into contact with the virus during this time they 
will have an increased chance of survival and will develop 
their own anti-bodies, which will fully protect them from 
further infection.

A recent study assessed the current effect of myxoma on 
the wild rabbit population (Ross, Tittensor, Fox & Saunders, 
1989). It illustrated a number of points. (i) Myxoma 
outbreaks are influenced by the seasonal mass movement of 
rabbit fleas, (ii) The predominant strain of virus present 
is grade Ilia (mortality 90-95% for fully susceptible 
rabbits), with grades I and V totally absent over the test 
area. (iii) Only 25% of populations were affected by the
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disease. (iv) Only 47% to 69% of individuals within a 
population died from the disease, fewer than grade Ilia 
should have produced (see Table 1). This indicates rabbits 
have at least some form of innate resistance to myxoma. The 
final estimate of rabbits killed by the disease ranged from 
12% to 19% of the total population. This is considerably 
lower than the figures from the 1950s and 1960s when 
myxomatosis was a major rabbit control factor. The current 
figures show that myxomatosis still has a regulatory effect 
on rabbit numbers in Britain, but at a much lower level than 
in the past. It is probable that the effect will decline 
further in the future and that rabbit numbers will continue 
to grow. This prospect, in conjunction with changing 
farming enterprises, such as market gardening, will enhance 
the pest status of the rabbit in the future.

It has been established that the rabbit flea 
(Silopsoyllus cuniculi) is the major vector of myxomatosis 
in Britain. Several attempts have been made to introduce 
the rabbit flea to Australia, especially in those arid areas 
where mosquitoes are not prevalent. These experiments have 
not always met with success. On Macquarie Island, only 31% 
of rabbits had fleas in 1972 after a four year stocking 
programme (Sobey, Connolly & Westwood, 1983). Higher rates 
of success were achieved in other studies in the Mallee 
region of Victoria (Shepherd & Edmonds, 1978) and central 
Victoria (Shepherd & Edmonds, 1979) where infestations of up 
to 80% were found within two years of release. However it 
is in the more arid areas where rainfall is less than 200mm 
per annum that the rabbit flea has not been able to become
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established (Cooke, 1984). This may be explained in two 
ways. Prolonged drought inhibits the rabbit population from 
breeding, and as the flea requires the host to breed in 
order to regulate its own reproductive system, this results 
in no flea breeding. If the drought is long enough then the 
flea may not breed within its own lifetime and the 
population may become extinct. A second factor is that the 
weather directly influences fleas, with low humidities 
causing high mortality. This effect of humidity on flea 
breeding was the subject of a further study. It found that 
fleas in southern Australia required a relative humidity 
above 70% in the rabbit burrow for at least 4 or 5 months 
during winter and spring to allow larval survival and full 
reproductive potential in adults (Cooke, 1990). This fact, 
combined with the requirement of adult fleas for a minimum 
summer humidity, limits the distribution in inland 
Australia .

1.6 Project Aims
In view of the evidence discussed, it is clear the 

European rabbit constitutes a major world-wide pest. The 
combined cost of damage and control measures in the British 
Isles runs to millions of pounds per year. It is vital that 
control measures are both effective and efficient. This 
project set out to examine the genetic relatedness of 
discrete populations of the European rabbit across the 
British Isles. This information may provide an insight into 
the movements of rabbits on a wide geographic scale. It may 
also indicate the effect myxomatosis has had on the genetic
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make-up of the wild population in Britain. The reduction of 
rabbit populations to 1% of their original level in 1954 by 
myxomatosis represents a considerable genetic bottle-neck, 
with successive bottle-necks occurring in the next few years 
to a lesser extent. The aim of the experiment was to assess 
genetic variation within the rabbit population in two ways:- 
(i) Starch gel electrophoresis was used to determine 
genetic variation at the protein level. This technique 
allows a large number of individuals to be screened in a 
relatively short time. (ii) The DNA (deoxyribonucleic acid) 
may be directly analysed using the polymerase chain reaction 
(PGR) . This technique is slower and more expensive than 
starch gel electrophoresis. However it has the potential to 
show more variation.

The final part of the study involved an investigation of 
the rabbit flea DNA. This again utilised the PGR technique. 
Rabbits have to come into close contact to exchange fleas 
and variation in flea genetics may indicate possible rabbit 
movements, particularly between geographically close 
populations. As rabbits are often heavily infested with 
fleas, genetic bottle-necks may not have had the same
influence on the latter.



Chapter 2:

Protein Variation in the Rabbit.
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2.1 Introduction

2.1.1 Early Rabbit Genetic Studies
Before the advent of molecular techniques, genetic 

variation could only be analysed using phenotypic 

characteristics. Mendel's early inheritance experiments on 

peas demonstrated how phenotypic characters are passed on 

from generation to generation. Several early studies on the 

rabbit looked at inherited characteristics, using only 

phenotypic markers.

One study investigated the inheritance of weight in 

domestic rabbits crossing two stocks of rabbit, the Polish 

and Flemish (Pease, 1928) . The mean Polish weight lay at 

1400g, while the mean Flemish weight was 3000g. The 

experiment was carried out in classical genetic fashion, 

breeding parental stocks to give FI offspring, which were in 

turn interbred to give the F2 population. It was found that 

the FI generation had a mean weight of 2000g. This was 

mirrored in the F2 generation, although with a wider weight 

range. However there was no evidence in the F2 generation 

to suggest any classical distribution of phenotypes ie 

1:2:1. Although the results indicated weight was at least 

partially genetically determined, the experiment indicated 

that evidence for discontinuous variation was not strong 

enough to suggest there is one predominating weight factor. 

Two further studies examined the inheritance of size in

rabbits (Castle, 1929, 1931) . These studies used Mendelian
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markers, concerning coat colour, to try and identify a 

genetic linkage with size. The experiments failed to find 

any connection between the inheritance of size and coat 

colour, and concluded that even though it is obvious that 

size is an inherited factor there was no way to test how it 

is controlled genetically.

All three experiments highlighted a problem with 

classical genetics techniques. Unfortunately, when 

examining traits such as weight, the environment may play an 
important part in determining the phenotype. Temperature, 

light, sibling competition, parental behaviour and disease 

may all play an important role in the eventual size of the 
rabbit. For example, if a young rabbit is undernourished 

due to sibling competition or parental behaviour (these 

factors in turn may be under genetic control) it may never 
gain its full potential. These environmental factors may 
influence some characteristics making it difficult to draw 

definite conclusions. Therefore, to examine genetic 

variation within a species, it is better to remove the 

influence of these environmental factors. This was achieved 

by examining traits of each individual which are less likely 
to be environmentally influenced. Therefore, it was 
decided, in this study, to examine proteins (a secondary 

gene product) within rabbit populations for evidence of 

genetic variation.
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2.1.2 Starch Gel Electrophoresis
Protein variation may be examined by the technique of 

starch gel electrophoresis. All proteins carry an 

electrical charge at a given pH, which depends on their 

amino acid composition. Electrophoresis works on the 
principle that these charged proteins will move at different 

rates in a semi solid medium when subjected to an electrical 

potential. The charges on the proteins are stabilized by 

using a pH buffer. Soluble protein samples are applied to a 

starch gel, a support medium used to promote separation 
according to size and charge. Small proteins will move 

faster through the starch matrix, as will more highly 

charged molecules. Staining, by means of specific enzyme 
stains, indicates the presence, and hence mobility, of 

proteins on the gel. Following staining, polymorphisms can 
be observed where a change in a particular protein's amino 
acid composition results in a significant change in the 
protein's size or charge.

2.1.3 Previous Electrophoretic Studies on Lagomorphs
Several attempts have been made to look at genetic 

variation within rabbit populations. A study on Australian 

wild rabbit populations found variation in a 

phosphogluconate dehydrogenase gene, with two alleles 

segregating (Coggan, Baldwin & Richardson, 1974). It was 
discovered that the rarer of the two alleles found was 
present near an initial release site of the rabbit in



18

Australia, and it was proposed that this allele evolved as 

the result of a mutation, in Australia. Further work by the 

same research group looked at protein variation in British, 

French and Australian rabbits (Richardson, Rogers & Hewitt, 

1980) . They examined 21 proteins (enzymes) in wild rabbit 

populations finding 5 polymorphic proteins, three of which 

were found in Britain. Genetic distances between the 

populations were calculated and it was found that British 

and Australian rabbits were closer genetically to each other 

than either were to French rabbits, supporting the view that 
rabbits introduced to Australia originated from Britain. It 

was also deduced that there were no founder effects caused 

by the initial releases or if occuring they had no great 
effect on the amount of genetic variation in Australian 

rabbits. Founder effects may be caused when a new 
population is established from a small number of individuals 
from another population. These individuals may not be 

genetically representative of the original population. They 
may, for example, exclude alleles or carry them by chance at 

a different frequency, causing the new population to be 

genetically different. Interestingly, it was noted that 
Tasmanian sites showed a significant difference from each 

other in a north-south split. Southern Tasmanian rabbits 

showed a closer similarity to both British and Australian 

rabbits. This indicated there may have been at least two 

separate releases in Tasmania, with differences as a result 
of founder effects. It also demonstrated that migration has
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had little effect over this geographic range. In mainland 

Australian rabbits, significant differences were found 

between populations. This could have been accounted for by 

the combined effects of migration, selection, genetic drift 

and founder effects. However, it was not possible to say 

which factors had the most influence. Migrations into new 

territory may produce founder effects, which would result in 

populations further from the release site displaying less 

variation. However this was not the case. This may be 
because the rabbit population size in Australia is very 

large and prolific in its breeding in Australia. Thus 

colonies may "overflow" at a faster rate increasing the 
number of rabbits leaving the colony, reducing the founder 

effect. In addition, one cannot discount the possibility of 
selection acting on the rabbit, helping to maintain certain 
alleles in the population.

A third study compared two different populations living 
in geographically and climatically distinct areas within New 

South Wales (Richardson, 1980). The Snowy Plains area has a 

low rabbit productivity and high survival rate, whereas 

Urana has high rabbit productivity and a high rabbit 
mortality rate. The third area, Tumut, had a similar climate 

to Urana and was used to study drift effects. It was 

discovered that climatic effects influenced the pattern of 

some genetic variation, particularly at the esterase-1 (Est- 
1) locus in Urana and the adenosine deaminase (Ada-1) locus 
in Snowy Plains. The Tumut data supported the Urana data
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showing differentiation at Ada-1 but not at Est-1. A 

possible explanation for the results is that stabilizing 

selection at specific loci may be occurring in some 

populations. Balancing selection is a term used when the 

heterozygote is shown to have a selective advantage, hence 

maintaining both alleles in the population. The differential 

selection of loci at the different sites may be explained 

by selection occurring at different times in the rabbit life 

cycle. Varying mortality factors may also operate at 

different times in the two climatic zones. It was concluded 

that selection had at least some part to play in the final 

genetic make-up of each population.
The three studies demonstrated how migration, drift, 

selection and mutation may all have their influence on the 

amount and type of genetic variation found within a 

population.
Biochemical variation has also been studied in the 

domestic rabbit. Eight strains of domestic rabbit were 
examined for variation in 29 enzyme systems (Hartl & Roger, 
1986). Polymorphisms were found at 10 loci, a ratio 

comparable to other mammalian species (Ryman, Reuterwall, 

Nygren & Nygren, 1980) . Amongst those found to be 

polymorphic were malic enzyme (2 loci), glucose 

dehydrogenase, esterase (3 loci), pepsidase, mannose- 

phosphate isomerase and alcohol dehydrogenase. It was shown 
that even within inbred strains such as the New Zealand

White, levels of heterozygosity similar to wild strains of
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rabbit were detected, although it was noted that at least 

some alleles may be lost in the highly selective process 

involved in the breeding of these rabbits. Zaragoza, Arana, 

Zarazaga & Amorena (1987) looked at 9 blood proteins in 6 

pure-bred and 1 crossbred strain of rabbit in Spain. 5 loci 

were found to be polymorphic. These were 3 esterase loci, 

adenosine deaminase and 6-phosphogluconate dehydrogenase. 

As with the Hartl and Roger study, it was observed that the 

result of high selection pressure on breeds such as the New 

Zealand White may have resulted in the loss of some genetic 

variation, although not necessarily to the detriment of the 

breed. It is of interest to note that when the genetic 

distances between strains of domestic rabbits were studied, 
the highly selected breeds such as New Zealand White and 
Californian grouped together, and were distinct from strains 
bred in a less selective manner. One further point from this 
study, was that in the Spanish Common breed, the allele 

frequencies for some loci were geographically dependant, 
showing distinctly different frequencies for northern, 

eastern and central populations, although none were at the 

point of fixation, ie only one allele present at the 
exclusion of all others.

A study of blood proteins in the rabbit revealed 

polymorphisms in the haemoglobin beta chain (Ferrand, 1989). 

Two common alleles were discovered segregating at an 
autosomal locus at approximately equal frequencies. An 

earlier study discovered polymorphisms, previously only
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found in domestic rabbits, at the transferrin locus in wild 

rabbits from Portugal (Ferrand, 1989). Rabbits were tested 

over 4 sites, continental, central and southern Portugal, 

and on the island of Terceira. Frequencies of the four 

alleles found differed between regions with, most notably, 

the Terceira population exhibiting only two alleles. In the 

Spanish Common strain five blood proteins were shown to be 

polymorphic (Rodellar, Zaragoza, Zarazaga & Amorena, 1987). 

Furthermore, esterase-1 and serum globin protein (esterase- 

7) were found to be linked (Rodellar et al., 1987) .

A further blood protein study in the Czech-Slovac 

Republic identified 5 polymorphic loci, four of which were 

polymorphic in the Zobor and New Zealand White strains 
(esterase-1, haemopexin, glucoprotein and adenosine 
deaminase). A further locus, 6-phosphogluconate 

dehydrogenase, was also polymorphic in the Nitra and Large 
Chinchilla strains (Oravcova & Durcova, 1992). Although the 
result demonstrated differences in allele frequencies 

between the strains, the experimenters recognised the need 
to increase sample size and number of loci examined before 

formulating theories on genetic relatedness or overall 

degrees of heterozygosity.
Protein variation was also used to examine the 

differences at 38 loci between wild rabbits, domestic 

rabbits and brown hares {Lepus europaeus Pallus), (Hartl, 

1987) . The study identified 16 useful genetic markers which 

differ between the hare and rabbit species. A genetic
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marker is a particular locus where allelic differences help 

distinguish populations. The study also identified 4 markers 

between wild and domestic (crossbred New Zealand White x 

Russian) rabbits. The differences in the latter example 

arose in 3 of the 4 cases as a result of loss of variation 

in the domestic rabbit. A more extensive study looked at the 

genetic relatedness of 10 domestic strains and 2 wild 

populations of rabbit, one German and one French (Peterka & 

Hartl, 1992) . The study discovered 8 from 49 loci to be 

polymorphic, with heterozygosity values lower than expected. 

Wild populations, on average, proved no more genetically 
variable than domestic ones, nor did they exhibit a greater 

degree of genetic differentiation from domestic strains than 
the latter did from each other.

In the populations of brown hare from central Europe it 

was noted that, out of 39 loci, 10 were polymorphic (Hartl, 
1990a). Interestingly, the monophosphate isomerase locus was 
fixed in five of the populations for the 100 allele, but 

showed only a 0.81 frequency at the Polish site. This was 

noted as a useful genetic marker, and another was 

demonstrated where only the Czechoslovakian hares were 
polymorphic for the hexokinase-2 locus. Using the data to 

examine genetic distances, it was noted that the central 

European hare was composed of 3 main genetic pools . An 
update on the study demonstrated a further polymorphism at

the sorbitol dehydrogenase locus (Hartl, 1990b). This
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previously undiscovered polymorphism came to light using a 

different buffer system.

In the North American pika [Ochotona princeps) , 26 loci 

were studied, and 11 were shown to be polymorphic (Glover, 

Smith & Ames, 1977) . However no more than 4 loci were 

polymorphic for any given population. Five populations were 

studied, four from Colorado and one from Montana. Pika 

populations live above the snow-line and hence effectively 

live on terrestrial islands, that is on different mountains. 

It was shown that, as some alleles have become fixed in 

certain populations, migration between populations is 

minimal. Levels of heterozygosity are low, perhaps due to 

small effective population size allowing large genetic drift 
effects. There were some notable exceptions where rare 

alleles were maintained in a population. This may be 
indicative of selection pressure. It should be noted that 
pika environments are considered to be consistent between 
populations, allowing similar levels of environmental 

influence and environment-genetic interaction at all sites. 

The overall pika population seemed to be highly fragmented, 

showing significant genetic distances between single 
populations, supporting the theory that populations are 

geographically isolated.

A similar study examined cotton-tails (Sylvilagus 

floridanus) from 19 playa basins in Castro county, Texas 

(Van Den Bussche, Hamilton, Chessre & Scribney, 1987) . Two 
points were demonstrated in this study.
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(i) heterozygosity levels were low compared to other 

mammals, perhaps due to directional or disruptive selection 
pressures, or a periodic non-random dispersal.

(ii) it was noted that there were some migrations between 

geographically close basins, but on the whole migration 

rates were low resulting in discrete genetic differences 

between populations. Levels of genetic identity between 

populations was comparable to that between the major human 

races. This lack of migration was thought to be caused by a 

number of factors including, farming practice, physical 

distance and inhospitable terrain.

2.1.4 Aims

In conclusion electrophoresis can be used to study 

protein variation for a number of purposes:
(i) The data can give indications of effects of selection, 

drift, founder effects and migrations.
(ii) Genetic identities and differences can be calculated, 

helping to identify the presence of the 4 factors in (i) 

above.
(iii) Genetic markers can be identified to monitor 

differences between populations or species.
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2.2 Materials and Methods

2.2.1 Rabbit Collection
Rabbits were obtained in three different ways:
(i) Four sites were trapped (fig. 2.1). This was achieved 

by setting live traps (750mm x 250mm x 225mm) , in rows 10m 
apart, within 10m of the rabbit burrows. Cages were 
constructed of 3" x 1" galvanised steel mesh and 
incorporated a hinged door operated by a treadle via a 
release arm. Traps were baited with fresh, sliced carrot 
daily. Each cage was baited at the back of the cage (6 
pieces), on the treadle (2 pieces) and at the entrance to 
the trap (2 pieces). A bait line was set, extending 5m from 
the door of the cage, consisting of paired pieces of carrot 
at one meter spacing. When rabbits moved from their burrows 
to feed, they had to cross the bait line, and were attracted 
by the carrot. This in turn lured them to the trap.

Traps were checked for catches every morning and reset 
for the next day. On occasions when the traps were not in 
use, a wire clip on the trap allowed the door to be secured 
in the open position, allowing rabbits to move freely in and 
out of the trap without being caught. This ensured that 
rabbits did not suffer unduly by having to remain in the 
trap for long periods of time.

When there was a rabbit in the trap, a catch-bag was 
fitted over the door before it was opened. The rabbit was 
then encouraged to move into the bag. Generally the rabbits 
ran out of the trap into the slightly darker catch-bag. 
Rabbits were removed from the catch-bag by hand. They were 
then held firmly by the hind legs, around the thigh area,
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and sacrificed by administering a blow to the back of the 
neck to dislocate the cervical vertebrae. One stiff blow, 
administered with the edge of the hand, was enough to 
dispatch any individual. However a second blow was 
administered to ensure the rabbit was dead. The dead 
rabbits were individually transferred to plastic bags and 
taken back to the laboratory.

At the laboratory, rabbits were either tissue sampled 
immediately or frozen at -20°C for future tissue sampling.

(ii) Rabbits were also collected by means of shooting. 
Within Northern Ireland this was carried out in forests by 
staff of the Forest Service (fig 2.1). These rabbits were 
transferred promptly to Seskinore game farm where they were 
frozen at -20°C. At regular intervals, these rabbits were 
collected and returned to the laboratory for tissue 
sampling.
(iii) Rabbits were collected from mainland Britain (June 
14th to July 10th, 1992). These rabbits were also shot, this 
time by staff from MAFF or universities in the sampling 
areas (fig. 2.2) . Due to the precise timing of arrival at 
each site it was possible to have rabbits shot within 24 
hours of collection. Where this was not possible rabbits 
were frozen immediately post-shooting.

Rabbits were tissue sampled as soon as possible and were 
packed in dry ice and returned to the laboratory at Newforge 
by post. Upon arrival at the laboratory they were immediatly 
stored at -40°C.
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2.2.2 Locations Sampled
Rabbits were collected from a total of 34 sites. The 

locations of these sites are indicated on figures 2.1 and 
2.2, and the number of individuals taken from each site are 
indicated in table 2.1.

2.2.3 Tissue Sampling and Preparation

Each rabbit was sampled for heart, liver and muscle. 
Approximately 1 g of each tissue was taken and placed in a 
5 ml blood sample tube. Care was taken to clean the 
dissection area and implements between each rabbit to avoid 
any cross-contamination.

Three drops of extraction buffer (1:10 dilution of Tris- 
HC1, pH 7.4) were added to each sample prior to 
homogenisation. The samples were homogenised by cutting-up 
the sample with scissors and crushing with a glass rod. Once 
again care was taken to clean homogenising implements 
between samples to avoid cross-contamination. Homogenised 
samples were stored frozen at -40°C until required. It 
should be noted that freezing the samples also helped 
fracture cells and release protein.

2.2.4 Starch Gel Preparation
Starch gel moulds (170mm x 160mm x 6mm) were manufactured 

from plate glass sheets and plastic strips. 11% starch gels 
were prepared using hydrolysed potato starch in the relevant 
buffer. This was achieved as follows;

(i) The inside of the moulds were coated with parafin oil 
(to prevent the starch from sticking to the mould).
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(ii) 33g of hydrolysed potato starch was placed in 300ml 
of gel buffer. This produced an 11% gel.

(ill) The mixture was mixed and heated on an electric 
plate to 90°C, with continuous stirring.

(iv) The hot starch was transferred to a side arm flask, 
where the starch was de-aerated using a vacuum pump.

(v) Once de-aeration was complete, the starch solution 
was poured into the mould and allowed to set.

(vi) After an initial cooling period of approximately 1 
hour, the gel was covered with cling film and kept at 5°C 
until used. The cling film prevented the gel drying out and 
the low temperature guaranteed that the gel had set fully. 
Gels were made up 12-18 hours before use to ensure that a 
uniform matrix had a chance to form properly.

2.2.5 Sample Application to Gel
Samples were applied to the gel in the following way:-
(i) A 6 mm x 170 mm strip of gel was removed from the 

centre of the mould.
(ii) Samples were soaked up on 7mm x 2mm pieces of filter 

paper (Whatmans No. 3) . The excess liquid was then blotted 
from the paper.

(iii) These pieces of filter paper were applied to the 
cut gel surface in the centre of the gel. The first sample 
was applied approximately 10 mm from one edge of the gel, 
and subsequent samples were placed at 2-4 mm intervals. 
After every 10 samples a 10 mm gap was left to facilitate 
easier scoring of results.
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(iv) When all samples were in place the two halves of the 
gel were pushed together, leaving a space at one end of the 
mould.

(v) A strip of plastic (compressor bar) was then placed 
in this gap, holding the two halves of the gel firmly 
together. This allowed an unbroken flow of electrical 
current through the gel.

(vi) The gel was placed in the tank. Cloth wicks, 
previously soaked in the buffer, were placed on either edge 
of the gel, each hanging into the buffer.

(vii) The gel was covered in cling film to prevent it 
from drying out.

(viii) An ice pack was placed over the gel to prevent it 
from overheating. Heat is generated by the electric current 
passing through the gel.

(ix) Ice packs were replenished as required throughout 
the run which typically lasted from 2-4 hours (depending on 
gel thickness and buffer used).

2.2.6 Regimes for Running Gels
Three buffer systems were used. These were as follows 

1. Tris-citrate buffer (TCB) pH 8.6
Electrode: 186.0 g boric acid and 42.0 g of lithium 

hydroxide in 10 litres of water (0.3M boric acid and 0.1M 
lithium hydroxide).

Gel: 92.0 g tris and 10.5 g citric acid in 10 litres of 
water, then add 530 ml electrode buffer. (0.076M tris, 
0.005M citric acid, 0.015M boric acid and 0.005M lithium 
hydroxide).
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Typical running time: 2.5-3 hours.
Running Parameters: 200 volts and 45 milliamperes per

gel.

2. Amino-morpholine (AM) pH 6.1
Electrode: 84.06 g citric acid adjusted to pH 6.1 with 

N-(3-Amino-propyl)-morpholine (approximately 90 ml) and made 
up to 10 litres (0.04M citric acid).

Gel: Dilute electrode 1:20 (0.002M citric acid).
Typical running time: 2-2.5 hours.
Running Parameters: 40 milliamperes and 200 volts.

3. Tris Phosphate (TP) pH 7.4
Electrode: 121.1 g tris adjusted to pH 7.4 with Sodium 

di-hydrogen phosphate and made up to 10 litres (0.1M tris). 
Gel: Dilute electrode 1:10 (0.01M tris).
Typical running time: 3-4 hours.
Running Parameters: 40 milliamperes and 100 volts.

2.2.7 Gel Slicing
Gels were poured to at least 6mm thick, allowing each to 

be sliced easily into three 2mm thick slices. This was 
achieved in 4 simple steps:-
(i) After running, the gel was removed from the mould, dried 
with tissue, and the small pieces of filter paper removed 
from the gel's centre.
(ii) The gel was placed on a flat, dry, clean surface, 
ensuring that no air bubbles were trapped beneath.
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(iii) A sheet of glass (slightly larger than the gel) was 
placed over the gel to ensure that the gel stayed flat 
during slicing.
(iv) Flat plastic strips (2 min or 4 mm thick) were placed 
either side of the gel to act as cutting guides. This kept 
the thickness of each slice uniform. The gel was sliced by 
drawing a clean piece of fishing line (double strength, 
breaking strain 2 kg) quickly but steadily through the gel.

2.2.8 Gel Staining

The sliced gels were placed in plastic trays for 
staining. Stain was applied in one of two ways:-
(i) Liquid stain. Staining ingredients were made up to 40ml 
with staining buffer. Final mixture was then applied 
directly onto the cut gel syrface.
(ii) Agar overlay. Some proteins required a secondary 
reaction to produce a colour band. In these cases, 10ml of 
stain was mixed with 10 ml of 2% agar solution (held at 
50-55°C) before applying to the cut surface of the gel. When 
set, the agar held the secondary reactants in place to 
produce a colour reaction directly over relevant protein 
positions .

All stains, with the exception of superoxide dismutase 
were incubated in the dark. Bands developed on the gels 
from within a few minutes to several hours. To prevent 
overstaining, gels which stained quickly had fixing solution 
(see stock solutions) added, when required, to stop the
reaction.
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2.2.9 Stain Recipes

The following proteins were stained for using 
ingredients shown below:-.

Adenylate Kinase (ADK)
100 mg glucose 
20 mg ADP
1 ml MgC12 (see stock solutions)
10 mg NADP, 10 mg MTT, 6 mg PMS 
0.02 mg hexokinase
0.01 mg glucose-6-phosphate dehydrogenase

A-Glycerophosphate Dehydrogenase (AGP)
0.5 g DL-l-glycerophosphate 
10 mg NAD, 10 mg MTT, 6 mg PMS

Alcohol Dehydrogenase (ADH)
10 ml 95% ethanol
10 mg NAD, 10 mg MTT, 6m g PMS

Aldolase (ALD)
100 mg fructose-1,6-diphosphate
50 mg arsenic acid
10 mg NAD, 10 mg MTT, 6 mg PMS
0.2 mg glyceraldehyde-phosphate dehydrogenase
Aspartate Aminotransferase (AAT)

the
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200 mg L-aspartic acid dissolved in buffer (solubility aided 
by a little 1M NaOH) , then add 110 mg 1-ketoglutaric acid. 
Adjust pH to 8.0 with NaOH then add 250 mg fast blue BB.

Creatine Kinase (CRK)
20 mg phosphocreatine 
10 mg ADP 
100 mg glucose 
1 ml MgC12
10 mg NADP, lOmg MTT, 6mg PMS 
0.03 mg hexokinase
O.Olmg glucose-6-phosphosphate dehydrogenase

Enolase (ENO)
10 mg glycerate-2-phosphate 
15 mg ADP 
25 mg glucose 
50 mg KC1 
1 ml MgC12
10 mg NADP, 10 mg MTT, 6 mg PMS 
0.08 mg pyruvate kinase 
0.04 mg hexokinase
0.01 mg glucose-6-phosphate dehydrogenase
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Fumarase (FUM)
400 mg fumaric acid
10 mg NAD, 10 mg MTT, 6 mg PMS
0.1 mg malate dehydrogenase

Glucose-6-Phosphate Dehydrogenase (G6P)
100 mg glucose-6-phosphate 
1 ml MgCl2
10 mg NADP, 10 mg MTT, 6 mg PMS

Hexokinase (HEX)
50 mg glucose 
25 mg ATP
10 mg NADP, 10 mg MTT, 6 mg PMS
0.02 mg glucose-6-phosphate dehydrogenase

Isocitrate Dehydrogenase (ICD)
50 mg isocitric acid 
1 ml MgC12
10 mg NADP, 10 mg MTT, 6 mg PMS

Lactate Dehydrogenase (LDH)
0.5 ml Lactic acid syrup 
10 mg NAD, 10 mg MTT, 6 mg PMS

Malate Dehydrogenase (MDH)
5 ml Na-DL-malate (see stock solutions)
10 mg NAD, 10 mg MTT, 6 mg PMS
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Malic Enzyme (MAE)
5 ml Na-DL-malate (see stock solutions)
1 ml MgC12
10 mg NADP, 10 mg MTT, 6 mg PMS

Pepsidase (PEP)
20 mg peptide (valyl-leucine)
5 mg amino acid oxidase 
5 mg peroxidase (horseradish)
1 ml MgC12
12 mg 3-amino-9-ethyl carbazole dissolved in 
sulphoxide

Phosphoglucomutase (PGM)
50 mg glucose-l-phosphate containing 1% 
diphosphate 
1 ml MgCl2
10 mg NADP, 10 mg MTT, 6 mg PMS
0.01 mg glucose-6-phosphate dehydrogenase

Phosphoglucose Isomerase (PGI)
20 mg fructose-6-phosphate 
1 ml MgC12
10 mg NADP, 10 mg MTT, 6 mg PMS
0.01 mg glucose-6-phosphate dehydrogenase

3 ml dimethyl

glucose-1,6-
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Phosphomannose Isomerase (PMI)
20 mg Ba-D-mannose-6-phosphate
10 mg NADP, 10 mg MTT, 6 mg PMS
0.04 mg phosphoglucose isomerase
0.01 mg glucose-6-phosphate dehydrogenase

Superoxide Dismutase (SOD)
10 mg MTT, 6 mg PMS

6-Phosphogluconate Dehydrogenase (6PG)
15 mg 6-phosphogluconic acid 
1 ml MgC12
10 mg NADP, 10 mg MTT, 6 mg PMS.

NAD - Nicotinamide Adenine Dinucleotide
NADP - Nicotinamide Adenine Dinucleotide Phosphate
MTT - (3- (4,5 - Dimetylthiazol - 2 - yl) - 2,5
diphenyltetrazolium bromide)
PMS - Phenazine Methosulphate

2.2.10 Staining Buffer Recipies 
A. 0.1M Tris HC1, pH 7.4

For 5 litres, 60.5g of tris was dissolved in 1500ml water 
before adding Analar cone. HC1 until the pH reached 7.4
Water was then added to 5 litres.
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B. 0.05M Tris HC1, pH 8.0
For 5 litres, 30.25g of tris was dissolved in 1500ml of 
water, before adding Analar cone. HC1 until the pH reached 
8.0. Water was then added to 5 litres.

C. TCB Gel Buffer
See section 2.2.5.

2.2.11 Stock Solutions
A. NAD, MTT and NADP each stored in solution (lOmg per ml) 
at 5°C in the dark. This was made up fresh weekly.
B. PMS stored in solution (6mg per ml) at 5°C in the dark. 
This was made up fresh weekly.
C. MgC12 stored in solution (2g per 100ml). This was made up 
fresh monthly.
D. Na-malate: 1.34g of DL-malic acid was dissolved in 10ml
of water. 1.04g of Na2C03 was added slowly while stirring
continuously over ice. This was made up fresh when
required.
E. Agar was made up as 2% solution (2g per 100ml water).
F. Fixing solution was made up from 350ml ethanol and 100ml 
acetic acid in 2 litres of water.

2.2.12 Genic Nomenclature
A standard genic nomenclature, proposed by Allendorf and 

Utter (1979) was used. Proteins are given a standard 
abbreviation in the form ABC. Loci coding for these 
proteins are referred to as Abe. As multiple loci were 
often found to be present, these are identified by means of
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a hyphenated numeral after the locus abbreviation, for 
example Abc-1. Multiple loci are numbered in order of 
increasing electrophoretic mobility from the cathodal end of 
the gel.

Allelic variants at any given locus are indicated in 
parentheses by the mobility of the homeric band relevant to 
the standard allele (usually the most common one) which is 
given an arbitrary value of 100. e.g. Abc-1(100), Abc-1(50). 
Multiple references to alleles at a locus may take the form 
Abc-1 (100,75,50).

When new alleles were discovered they were compared to 
past studies. Where an allele's mobility is close to one 
previously described in the literature it was assumed to be 
the same until they could be compared directly on a single 
gel.

Loci were assumed to be polymorphic where the freguency 
of the most common allele did not exceed 0.99 in any 
population.

2.2.13 Staining Buffers Used
Table 2.2 demonstrates staining buffers for each enzyme.

2.2.14 Data Analysis
Allele frequencies were counted directly from the 

zymograms on each gel. For loci which were homozygous for 
all populations, the 100 allele was recorded at frequency of 
1.0. For heterozygous loci, each sample's (individual 
rabbit) zymogram was measured to give an indication of 
allele mobility, for example an Sod-1 heterozygote was
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recorded as 100/50. From these scores allele frequencies for 
each population was compiled.

Analysis of population genetic variation in the European 
rabbit was carried out with the aid of the BIOSYS-1 FORTRAN 
computer package of Swofford and Selander (1981). This 
program performs many useful measures of variability and 
differentiation. Analysis was carried out as listed below, 
formulae being indicated were necessary.

(i) Intra-population Analysis

For each sample (population) two measures of
heterozygosity were calculated. These were as follows:
(a) The observed heterozygosity per locus, based on the 
proportion of individuals actually heterozygous. This was 
termed the direct count.
(b) The expected heterozygosity was calculated as the 
unbiased heterozygosity per locus, Hl (u) as defined by Nei 
(1978), which allows a correction for limited sample size.

Hl (u) = 2n (1 -lx,2) / (2n - 1)

where xy is the frequency of the ith allele at a locus, and 
n is the number of individuals sampled at that locus.

In each case these are expressed as mean heterozygosity, 
with this mean including all loci examined including 
monomorphic loci (Hy = 0) .

The absolute proportion of polymorphic loci (P) was also 
calculated as:

P = number of polymorphic loci/ total loci examined



41

A locus was calculated to be polymorphic under three 

criteria:

(a) The frequency of the most common allele was less or

equal to 0.99.

(b) The frequency of the most common allele was less or

equal to 0.95.

(c) More than one allele was present in the population (no 

criteria).

P was then expressed as a percentage.

The mean number of alleles per locus was also expressed, 

calculated as:

Total number of alleles at all loci/ Total number of loci

A modified Chi-square test, the log likelihood G-test 

(Sokal & Rohlf, 1969) was used to test if genotypic 

proportions were in agreement with those expected under 

Hardy-Weinberg equilibrium. Incorporated in the test was 

Levines (1949) correction for small sample size. This was 

used as the Hardy-Weinberg model is only fully realised in 

an infinitely large population (Crow & Kimura, 1970) . This 

correction was as follows:
expected frequency of the pp homozygote = x^p-Xp (l-Xp)f

expected frequency of the pq heterozygote = 2xpXq (1-f)

expected frequency of the qq homozygote = x^-Xq (l-Xq)f
where Xp and Xq are frequencies of p and q respectively and

f is given by f = 1/(2n-l), n being the number of

individuals examined.
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Furthermore where more than two alleles segregated at a 
locus, the data was pooled into three categories. These were 
as follows:
(a) Homozygotes of the most common allele.
(b) Heterozygotes involving the most common allele.
(c) All other combinations.

This helped counter problems where expected values were 
low (due to small sample size) . Degrees of freedom were 
calculated as (k2-k)/2 where k is the number of alleles.

(ii) Inter-population Analysis
Inter-population analysis was tested by means of the 

genic contingency chi-square test for heterogeneity (Workman 
& Niswander, 1970). At any given locus:

X2 = 2N (Zd2Pi/Pi)

where Pi and CT2Pi are the weighted mean and variance of the 
frequencies of the ith allele. For each allele the weighted 
mean is:

P = Z(Ns/n) Ps

where Ps is the frequency of that allele in the sth 
population of size Ns, and N is the total sample size across

all samples. The weighted varience is:

cr2P = (Ns/N) P2s-P2

The degrees of freedom are given by [ (k-1)x(r-1) ], where k 
is the number of alleles and r is the number of populations 
being compared.
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Genetic similarity and distance coefficients were calculated 
for each pairwise combination. Nei's (1972) original mean 
coefficient of genetic identity (I) between two taxa (or 
populations) was calculated as

I = iXy//(ixiY)
where IxY' -*-X anc* ly are arithmetic means over all loci 
(including monomorphic ones) of ^Txyyy, and^y^^, where

xy and yy are the frequency of the ith allele in taxon X and 
Y respectively. I is equal to one where two populations 
share the same alleles at the identical frequencies, and 
zero when they have no alleles in common.

The mean genetic distance D between X and Y is related to 
I by

D = -InT

Nei (1972) estimates approximated time of divergence (T) 
as

T = D/2oc
where ocis the rate of electrophoretically detectable codon 
changes per locus in one year, therefore

T = 3.2 x 106D

Coefficients of identity and distance used in this study 
are taken from a later alteration of the above equations. 
According to Nei (1978) a systematic bias in calculating 
identity and distance measures can be introduced using small 
sample sizes. That is when two taxa are genetically 
indentical the calculated genetic distance can exceed zero 
when the sample size is small (spurious distance) . Nei ' s 
(1978) modified formulae enabled calculation of unbiased
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versions of I (lu) and D (Du). lu was estimated by 
substituting into Nei's (1972) original equation unbiased 

estimates of lx and ly/ namely the averages over all loci of 

(2nxlx-l)/(2nx~l) and ^nyly-l)/(2ny-l) respectively, ny and 

ny are the sample sizes of taxa X and Y respectively, while 

Ixy remains unchanged. Du was estimated as

Du = -Inlu

as before.

According to Nei (1972; 1975) his coefficients are based 

on purely biological, rather than statistical concepts. 

However, they assume random drift of selectively neutral 

mutation to be the main cause of divergence and discount 

selection. This inaccuracy has been addressed by Rodgers 

(1972) , who stated in the absence of knowledge of the 

relative importance of the various pressures acting to 

change gene frequencies, it is better to calculate the 

geometric distance between allelic frequency vectors of two 

taxa using the Pythagorean theorem. Therefore he defined 

this geometric distance as;

D
r

1/r I
j=l

0.5

A-

^(Xij-Yij)2
i = l

1/2

where r = the number of loci examined, Xj_j and Yj_j are the 

frequencies of the ith allele at the jth locus in taxa X and 

Y respectively. Aj is the number of alleles at the jth 

locus. This coefficient varies from zero (taxa have 

identical allele frequencies) to unity (taxa fixed for
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different alleles) . This D coefficient can be subtracted 
from 1 to give a similarity coefficient. However, in this 
study the genetic similarity used is as the Wright (1978) 
modification.

Distance and similarity coefficients are expressed in a 
matrix of pairwise comparison. However to aid visualization, 
dendrograms have been reproduced using the unweighted pair 
group with arithmetic averages method (UPGMA) of cluster 
analysis (Sneath & Sokal, 1973).

(iii) F-Statistics

Wright's F-statistics (1965; 1978) were also used as
further analysis of differentiation among and within 
populations. These statistics consist of correlations and 
co-variances (Kirby, 1975) and are especially useful if 
natural populations are subdivided or hierarchical. The 
statistics FIT and FIS are fixation indices of individuals 
relative to the total population and its subpopulation 
respectively. The FST value (standardized genetic variance) 
measures the amount of differentiation among subpopulations 
(comparable to contingency chi-square test).

At a particular locus the fixation index for any 
subpopulation i is defined as

Fi = (1-H0) / 2pq

where H0 is the observed proportion of heterozygotes and p 
and q the allelic frequencies in that subpopulation.

Therefore FIS (average fixation index across all 
subpopulations) was calculated as
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Fis = Hpiqi Fj_/ X p j_qj_

where p and q are the weighted mean allele frequencies and 

Fi is the fixation index of the ith subpopulation. The 

weighted mean frequency of the allele pj_ is £. (ny/N) pj_, where 

nq is the sample size in subpopulation i and N is the total 

sample size (Lny) . In a diallelic polymorphism qy = (1-Pj_) .
FIT (fixation index of individuals relative to the total 

population) values were calculated as 

Fit - (1-Ho)/ 2pq—
where p and q are weighted mean allelic frequencies and H0 

the heterozygote frequency at that locus in the total 

population.

FSt was calculated relative to the other fixation values, 
following Kirby (1975), as

FSt = Fit - Fis/ (1-Fis)
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Fig 2.1 Sampling sites in Northern Ireland

KEY TO SITES
1 Glenwhirry
2 Comber
3 Ballvnahinch
4 Saintfield
5 Ross lea
6 Knockmanny
7 Favor Royal
8 Fintona
9 Necame

10 Castle Archdale
11 Parkanaur
20 Pomeroy
21 Bushmills
22 Copeland Island
23 Slieve Gullion
24 Gosford
25 Hillsborough
26 Lou^hry

27 Kilskeen
28 Colebrooke
29 Monaghan
30 Newt'orge
31 Greenmount
32 Dungannon
33 Lisnarick
34 Craigs 
(Ballvnahinch )
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Fig. 2.2 Sampling sites in Great Britain

12 .\ewtownm/5re

3 Dundee

15 Yorkshir

18 Loddington

19 Swansea

16 Salisbury

“I- Site number and location name
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Table 2.1: Sites from which rabbits were collected,
indicating numbers taken and method of collection.

Site Site Sample Method of
Number Name size collection

1 Glenwhirry 26 T
2 Comber 17 T
3 Ballynahinch 14 T
4 Saintfield 24 T
5 Rosslea 17 S
6 Knockmanny 20 S
7 Favour Royal 20 S
8 Fintona 20 S
9 Necarne 20 S

10 Castlearchdale 15 S
11 Parkanaur 16 S
12 Newtownmore 15 S
13 Dundee 20 S
14 Edinburgh 14 S
15 Yorkshire 20 S
16 Salisbury 15 S
17 Basingstoke 15 S
18 Loddington 15 S
19 Swansea 20 S
20 Pomeroy 18 S
21 Bushmills 18 S
22 Copeland 13 S
23 Slieve Gullion 19 S
24 Gosford 17 S
25 Hillsborough 22 S
26 Loughry 08 S
27 Kilskeery 21 S
28 Colebrooke 12 S
29 Monaghan 19 S
30 Newforge 12 S
31 Greenmount 36 s
32 Hughes 07 s
33 Lisnarick 08 s
34 Craigs 08 s

T- Trapped S- Shot
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Table 2.2: Demonstrating stain buffer used, subunit 
structure and E.C number for each enzyme studied.

Enzyme E.C. Number Subunit Structure Stain buffer

ADK 2.7.4.3 monomer B*

AGP 1.1.1.8 dimer A

ADH 1.1.1.1 dimer C

ALD 4.1.2.13 tetramer B*

AAT 2.6.1.1 dimer A

CRK 2.7.3.2 dimer A*

ENO 4.2.1.11 dimer A*

FUM 4.2.1.2 tetramer B*

G6P 1.1.1.49 tetramer A

HEX 2.7.1.1 monomer c*
ICD 1.1.1.42 dimer A

LDH 1.1.1.27 tetramer C

MDH 1.1.1.37 dimer C

MAE 1.1.1.40 tetramer C

PEP 3.4.11 dimer/monomer A

PGM 2.7.5.1 monomer A*

PGI 5.3.1.9 dimer A*

PMI 5.3.1.8 monomer B*

SOD 1.15.1.1 dimer C

6PG 1.1.1.44 dimer B

agar overlay

The E.C. number is a standard identification r

for each enzyme, recommended by the Commission for

Biological Nomenclature.
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2.3 Results

2.3.1 Electrophoretic Examination of Tissue and 
Buffer Suitability.

Initially, each enzyme was stained for each of the three 

tissue samples taken. For each enzyme, the samples were run 

under both the TCB (pH 8.6) and AM (pH 6.1) systems. For 

the 20 proteins examined, 19 gave scorable results for 

either TCB or AM in at least one tissue. The only exception 

was MPI, which was then run on a further system, TP (pH

7.4). This gave scorable results.
At this point it should be noted that several further

proteins were tested (adenosine deaminase, nucleoside 

phosphorylase, esterase and diaphorase). In the cases of 

adenosine deaminase, nucleoside phosphorylase and diaphorase 

results were faint and unscorable in all three buffer 

systems. Esterase did stain very strongly, especially in 

liver for the AM buffer system. There appeared to be 

variation present, but the number of bands present made it 

impossible to discern how many loci were present and which 

were polymorphic. For these reasons the three

aforementioned proteins were excluded from the study.

The results from the tissue/buffer trials are summarized 

in table 2.3 (for the sake of continuity figures and tables

are included at the end of this section).
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2.3.2 Specific Protein Loci Results

(i) Adenylate Kinase (ADK)
This protein was expressed in two strong cathodal bands 

and one weaker one. The weak band appeared inconsistent and 
was therefore discounted from the study. As the protein is 
considered a monomer (Harris & Hopkinson, 1976) it was 
assumed 2 loci were present, which were designated Adk-1 and 
Adk-2 for the purposes of this study.

Previous lagomorph studies on the brown hare (Hartl, 
1987, 1990) and domestic and wild rabbit (Hartl & Hoger, 
1986; Hartl, 1987; Richardson et al., 1980; Zaragoza et ai., 
1987; Peterka & Hartl, 1992) also failed to show any 
polymorphism at an ADK locus.

(ii) A-Glycerophosphate Dehydrogenase (AGP)
AGP demonstrated a 3 band cathodal pattern. The outer 

bands were considered artifact bands, therefore only one 
locus (Agp-1) was recorded. Only the Copeland site showed 
any polymorphism. In this site a slower migrating band was 
recorded, Agp-1 (82) (see fig. 2.3a). This appeared in both 
the homozygote and heterozygote forms, as shown. Previous 
lagomorph studies have not considered the AGP loci.

(iii) Alcohol Dehydrogenase (ADH)
ADH showed a strong cathodal band in muscle and four 

strong anodal bands in liver. All bands moved quickly from 
the origin and were well defined. Adh is thought to be 
dimeric (Harris & Hopkinson, 1976) therefore bands may have
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resulted from combined products of loci, therefore it was 
only safe to assume the presence of three loci.

An ADR polymorphism has been previously identified in New 
Zealand White rabbits, tested in Austria (Hartl & Roger, 
1986) .

(iv) Aldolase (ALD)
A single anodal band was displayed for this protein. 

This was assumed to be the product of one locus, Ald-1. 
Previously, aldolase has been examined for variation in 
domestic rabbit (Hartl & Roger, 1986; Richardson et al., 
1980) and as a means of differentiating wild and domestic 
rabbits (Peterka & Hartl, 1992). None of the experiments 
showed ALD to be polymorphic.

(v) Aspartate Aminotransferase (AAT)
AAT exhibited one strong anodal and one strong cathodal 

band. This were assumed to be the products of two loci, 
Aat-1 and Aat-2 (possibly one mitochondrial AAT). No 
polymorphism was discovered at this locus. This concurs with 
previous studies which found no variation in rabbits 
(Richardson et al., 1980; Hartl & Roger, 1986; Peterka & 
Hartl, 1992) or in the brown hare (Hartl, 1987; Hartl et 
al. , 1990) .

(vi) Creatine Kinase (CRK)
Staining particulary strongly in liver, CRK stained as 

three major, cathdal bands with a little smearing and 
artifact banding present. The artifact banding was very
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faint and only really noticable above the furthest migrating 
band.

As with previous studies on lagomorphs (Hartl & Roger, 
1986; Hartl, 1987; Hartl et ai. , 1990; Peterka & Hartl, 
1992) CRK was found to be monomorphic at all loci.

(vii) Enolase (ENO)
ENO demonstrated two strong cathodal bands. These were 

attributed to two separate loci, neither of which were found 
to be polymorphic. Previous lagomorph studies have not 
examined the ENO loci.

(viii) Fumarase (FUM)
FUM showed slow anodal movement. One band stained 

strongly with another slower band showing faintly. The 
fainter band was adjudged too inconsistent to score, and 
therefore only one Fum locus was recognised, Fum-1. This 
locus was not polymorphic.

Previous studies on the rabbit (Richardson et al., 1980; 
Hartl & Hoger, 1986; Hartl 1987, Peterka & Hartl, 1992) have 
shown no polymorphism at any FUM loci.

(ix) Glucose-6-phosphate Dehydrogenase (G6P)
G6P stained as a single slow anodal band (G6p-2) and a 
faster cathodal band. The cathodal band did not stain as 
well as its anodal counterpart, and indeed may have been 2 
bands. However only one locus was scorable (G6p-1).

Neither loci showed variation, as has been mirrored by 
past rabbit studies (Richardson et ai., 1980; Hartl & Hoger, 
1986; Hartl, 1987; Peterka & Hartl, 1992).
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(x) Hexokinase (HEX)
HEX demonstrated a single slow anodal band, which was 

attributed to a single locus, Hex-1. No variation was found 
at this locus.

Past studies on lagomorphs have demonstrated HEX 
variation in Austrian wild rabbits (Hartl, 1987), with three 
alleles being present. Also, in the brown hare two alleles 
have been shown to occur at a particular HEX locus (Hartl, 
1987; Hartl et al., 1990).

(xi) Isocitrate dehydrogenase (ICD)
ICD stained both anodally and cathodally. Cathodally a 

single band showed no variation. Anodally three bands 
stained, and being unsure of artifacts, only one locus (Icd- 
2) was attributed. In one population only, Dundee, 
polymorphism was noted in this study. A slower allele, led 
(50), appeared in both homozygote and heterozygote forms 
(see fig. 2.3b).

Previous studies have shown ICD to be polymorphic in the 
brown hare (Hartl, 1987; Hartl et al., 1990) and North 
American Pika (Glover et al., 1977), but not in the rabbit 
(Richardson et al., 1980; Peterka & Hartl, 1992).

(xii) Lactate dehydrogenase (LDH)
LDH demonstrated five anodal bands. However due to the 

possibility of inter-locus combination of the tetrameric 
enzyme (Harris & Hopkinson, 1976) only two loci were 
attributed to the protein.
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No variation was found at any of the loci, concurring 
with past studies on the rabbit (Hartl & Hoger, 1986; 
Peterka & Hartl, 1992) . However, studies on the brown hare 
(Hartl et al., 1990) and the pika (Glover et al., 1977) each 
have shown Ldh-2 variant with 2 alleles.

(xiii) Malate dehydrogenase (MDH)
MDH demonstrated a single, strong anodal band, showing no 

variation. Another faint cathodal band was inconsistently 
noted and hence discounted.

Previous rabbit studies (Richardson et al., 1980; Hartl 
1987: Peterka & Hartl, 1992) showed no variation at an MDH 
locus.

(xiv) Malic Enzyme (MAE)
MAE showed a single very slow, but strongly staining 

band. Variation was noted in the Copeland site only. This 
appeared as a faster migrating band Mae-2 (130), and 
appeared only in the homozygote form (see fig 2.3c).

Previous lagomorph studies have discovered variation in 
this protein in the brown hare (Hartl & Hoger, 1986) and the 
pika (Glover et al., 1977).

(xv) Peptidase (PEP)
PEP showed a single slow anodal band, with no variation 

in any population. Previous studies have shown PEP 
polymorphic in Austrian wild rabbit (Hartl, 1987), New 
Zealand white rabbit (Hartl & Hoger, 1986), brown hare 
(Hartl et al., 1990), North American cottontail (Van Den
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Bussche et al., 1987) and north american pika's (Glover et 
al.f 1977) .

(xvi) Phosphoglucomutase (PGM)
PGM stained two cathodal bands, one strong, the other very 
weak. Due to the weakness of the slower band one locus, 
Pgm-1, was attributed to this protein. No variation was 
noted at this locus.

Previous studies identified two alleles at the PGM locus 
in a number of strains of rabbit including New Zealand White 
and Chinchilla (Peterka & Hartl, 1992), and in north 
american pikas (Glover et al., 1977).

(xvii) Phosphoglucose isomerase (PGI)
Pgi demonstrated one strong cathodal band, though 

smeared. This was attributed to a single locus, Pgi-1. No 
variation was found at this locus, in any population.

Variation has been found in the past in Austrian and 
Swiss wild rabbits (Peterka & Hartl, 1992), with a PGI locus 
showing polymorphism. However two earlier studies failed to 
find any such variation. One on Austrian rabbits (Hartl, 
1987), the other on British, French and Australian rabbits 
(Richardson et al., 1980).

(xvii) Phosphomannose Isomerase (PMI)
PMI demonstrated two anodal banding areas, with the 

second, Pmi-2, showing variation. Three alleles were found 
at this locus, 100, 94 and 87 (see fig 2.3d) . These may be 
comparable to alleles found previously in European wild
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rabbits, 100, 85 and 64 (Hartl, 1987; Peterka & Hartl, 
1992) .

(x±x) Superoxide Dismutase (SOD)
SOD demonstrated two banding areas, both cathodally 

located. Sod-1 was found to be polymorphic, having two 
variant alleles, 100 and 50 (see fig. 2.3e) . This 
polymorphism has been previously unnoted in the rabbit 
(Richardson et al.f 1980; Hartl & Roger, 1986; Hartl, 1987; 
Peterka & Hartl, 1992) .

(xx) 6-Phosphogluconate Dehydrogenase (6PG)
6PG demonstrated a strong single anodal band attributed 

to a single locus 6pg-l. No polymorphism was found at this 
locus in stark contrast to past rabbit studies (Richardson 
et al., 1980; Hartl & Hoger, 1986; Hartl, 1987; Rodeller et 
al., 1987; Zaragoza et al., 1987; Peterka & Hartl 1992). 
The Richardson study (1980), however, did not find 6PG to be 
polymorphic in British rabbits.

2.3.3. Intra-population variation
The raw data concerning allele frequencies are presented 

in appendix 1. However, to give a summary of allele 
frequencies present in the various populations, figs. 2.4 (a 
and b) and 2.5 (a and b) show pie-charts displaying this 
information.

Table 2.4 reviews the statistics calculated by the 
Biosys-1 computer package. The table provides information on 
the number of alleles per locus, percentage loci polymorphic 
and mean heterozygosity. As no difference was noted between
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levels of heterozygosity for any particular criteria (0.99, 
0.95, no criteria) therefore figures are registered as the 
0.99 criteria (0.99, 0.95 and no criteria indicate at what 
level the most predominant allele must exceed before the 
locus is considered monomorphic i.e. 99% for 0.99) .

From table 2.4 it may be seen that 3.1-9.4% of loci were 
polymorphic in any given population, with the mean number of 
alleles deviating very little above 1.0. This indication of 
low levels of heterozygosity is further reflected by the 
direct count of mean heterozygosity. Values ranged from 
0.041 to 0.004. The low values reflect the fact that some 
populations sampled were virtually monomorphic (for the 
proteins studied), with often only one locus appearing 
polymorphic.

In most cases the direct count mean heterozygosity did 
not differ significantly from that expected under Hardy- 
Weinberg equilibrium. The populations which differed most 
from Hardy-Weinberg were the Copeland and Loughry samples 
which showed a heterozygote deficiency.

Table 2.5 presents the chi-square tests carried out at 
each polymorphic locus within each population. The table 
summarizes data for 61 loci, tested by a combination of 3 
tests (see section 2.2.14 (i)), resulting in a total of 130 
tests. This means, that when testing for significance using 
95% confidence limits, over 61 loci, 3 type 1 errors would, 
on average, be expected. Bearing this in mind the following 
populations exhibited a significant deviation from expected 
proportions.
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(i) Glenwhirry; P values for the Mpi-2 locus were 0.011 and 
0.016 for the pooled and exact tests respectively. An excess 
of heterozygotes involving the predominant allele (Mpi-2 
(94)) was noted. There was a notable absence of the Mpi-2 
(100/100) or the Mpi-2 (87/87) homozygotes (the two less 
common alleles).

(ii) Basingstoke; This was the only population for which 
Sod-1 did not comply with Hardy-Weinberg equilibrium. The 
population was polymorphic, having two alleles (100 and 50) 
at the Sod-1 locus. However, the Sod-1(50) allele was only 
present at a frequency of 0.1, occurring in the form of one 
heterozygote and one homozygote resulting in a P value of 
0.003 for the standard test. This denotes a heterozygote 
deficiency. However, considering a sample size of 15 in 
conjunction with an allele at a low frequency, it may be 
seen how this situation would arise.

This is supported further by the P value (0.103) for the 
exact test showing no significance, and also the fact that 
this is the only population in which Sod-1 shows a 
significant deviation from Hardy-Weinberg.

(iii) Pomeroy; As with the Basingstoke population, a 
significant result (P=0.001 for the normal chi-square test) 
arose due to the presence of a rare homozygote and only one 
heterozygote (involving the rare allele). Mpi-2 (94) occured 
at a frequency of 0.08 in this sample, making it unlikely in 
a sample of this size that an Mpi-2 (94/94) homozygote would
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occur. As with the last example the exact probability test 
did not register a significant result (P= 0.086).

(iv) Bushmills; In this population the pooled data for Mpi-2 
gave a significant result (p= 0.045). This value was 
considered to be on the borderline of significance at the 
95% level, and as noted earlier after completing 130 tests 
it might be assumed that some results will show up as 
significant where they are not i.e. type 1 error.

The result indicated a heterozygote deficiency containing 
the most common allele (in this case Mpi-2 (94)). This is 
largely due to the absence of Mpi-2 (94/87) heterozygotes 
and a higher than expected level of Mpi-2 (100/87) 
heterozygotes.

(v) Slieve Gullion; This population demonstrated a 
significant P value (0.023) in the pooled test. However with
Mpi-2 (87) being the common allele, the only Mpi-2 (100)
allele was found in a Mpi-2 (100/94)1 heterozygote. This
pooled with the single Mpi-2 (94/94) combination to give a 
ratio of 14:3:2 for homozygotes for the most common allele: 
heterozygotes involving the most common allele: all other 
combinations. This resulted in a heterozygote deficiency.

(vi) Loughry; Loughry indicated a significant result 
(P=0.038) for Mpi-2. However the sample size is small (8 
samples) and the less frequent allele Mpi-2 (94) is present, 
both as a homozygote and a heterozygote. This gives a
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genotypic ratio of 6:1:1, of 100/100: 100/94: 94/94, which 
gave a heterozygote deficiency.

(vii) Monaghan; As with the Loughry sample, the Mpi-2 locus 
showed a significant difference from the expected values, 
because the less frequent allele appears as a single 
homozygote and a single heterozygote. This resulted in a P 
value of 0.001 indicating a heterozygote deficiency.

(viii) Copeland; Mpi-2 demonstrated significant differences 
for each chi-square test used. The P values were 0, 0.013 
and 0.033 for normal, pooled and exact tests respectively. 
Mae-1 also demonstrated a highly significant (p < 0.001) 
deficiency of heterozygotes. Potential causes are examined 
later in the discussion.

Table 2.6 indicates fixation indices (F) for each 
polymorphic locus in each population. The closer the F value 
was to 0, then the closer the locus was to Hardy-Weinberg 
equilibrium. A negative deviation indicated a heterozygote 
excess, and conversely, a positive index value indicated a 
heterozygote deficiency. All F values were expressed as a 
value between 1 and -1.

If F values are considered significant when greater than 
0.5 or less than -0.5 ie closer to 1 or -1 respectively than 
0, we can compare results directly with significant values 
in table 2.5.

Heterozygote excesses were indicated for Glenwhirry, 
Ballynahinch and Dundee by values of -0.37, -0.327 and 
-0.387 respectively. These results were the most negative
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values calculated, but are still not negative enough to 
imply significance.

Basingstoke exhibited an Sod-1 heterozygote deficiency 
and this was reflected with an F value of 0.63 (table 2.5) . 
However as we can see from table 2.6 the observed 
heterozygosity was 1 and expected only 2.793 in a sample 
size of 15. Therefore the significant result may be 
attributed to the small sample size.

Pomeroy, Bushmills, Slieve Gullion, Loughry, Monaghan and 
Copeland all demonstrated Mpi-2 heterozygote deficiency in 
table 2.6. Pomeroy Loughry and Monaghan again reflect this 
with F values of 0.636, 0.59 and 0.638 respectively. As with 
Basingstoke Sod-1 , the problem arose due to the presence of 
the less frequent allele appearing as a homozygote, 
increasing the expected heterozygote level, which is then 
not attained. Bushmills and Slieve Gullion produced F values 
of only 0.167 and 0.318 respectively, suggesting that the 
previously-indicated heterozygote deficiency was over-rated, 
especially in the case of the Bushmills sample.

The Copeland sample, however, gave F values which 
indicated a large deficiency in Mpi-2 (0.667) and Mae(l.O). 
Though the sample size is small (13), this would not account 
for an F value of 1 for Mae-1 considering the homozygotic 
ratio was 9:4. This significant result supports the earlier 
significant P value of 0, demonstrating a failure to fit 
Hardy-Weinberg proportions.
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2.3.4 Inter-population variation
Table 2.7 presents the results of a contingency chi- 

square test. This indicates if there is any difference in 
allelic frequency across each population, and hence 
identifies genetic differences between populations. From the 
table it may be seen that each locus gives a highly 
significant value (p< 0.001), indicating great genetic 
disparity between populations in general.

To further examine these differences, co-efficients of 
genetic identity and distance were calculated, and are shown 
as follows;
Table 2.8 Nei (1978) unbiased genetic distance and identity. 
Table 2.9 Rodgers (1972) genetic similarity and Modified 
Rodgers distance (Wright, 1978).

From the calculations carried out according to Nei 
(1978) in table 2.8, genetic identity values range from 1.0 
(identical) to 0.955, and distance values of 0 to 0.046. The 
values derived from calculations carried out according to 
Rogers (1978) (table 2.9), provide greater ranges in genetic 
similarity and distance, being 1.0 to 0.94 and 0.002 to 
0.205 respectively.

All four tests indicated the populations to be 
genetically very close, and is a reflection of the fact that 
only 4 loci examined were polymorphic.

This data was examined further using cluster analysis 
(unweighted pair group method), and the results are 
presented as dendrograms, as follows;
Fig. 2.6 Nei (1978) unbiased genetic identity.
Fig. 2.7 Nei (1978) unbiased genetic distance.
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Fig. 2.8 Rodgers (1972) genetic similarity.
Fig. 2.9 Modified Rodgers distance (Wright, 1978).

Nei' s (1978) genetic identity dendrogram (fig. 2.6), 
indicates all populations to be within a genetic distance of 
0.975. Apart from this low level of heterogeneity, 3 
interesting points were evident;
(i) Both the Edinburgh and Copeland populations are more 
genetically distant than any other population, that is , 
they "clustered" on their own. This is due to the presence 
of polymorphic loci found only at each site (Agp-1 and Mae-1 
in Copeland, Icd-1 at Edinburgh).
(ii) Mainland Britain sites did not group together, but 
clustered with Irish samples, eg Saintfield, Knockmanny, 
Loddington, Dundee and Bushmills group closely.
(iii) Samples from Northern Ireland did not cluster 
according to geographical proximity. For example, the 
closest geographical group consists of Castlearchdale, 
Lisnarick, Necarne and Kilskeery. Even though Lisnarick and 
Kilskeery clustered together, they are in a distinct 
grouping from both Necarne (grouped with Hillsborough) and 
Castlearchdale (grouped with Newtownmore, Comber etc).

These three observations are again illustrated, when we 
examine figs. 2.8 and 2.9. However, Rodgers (1972) genetic 
similarity (fig 2.8) does indicate a greater overall 
difference, showing the lowest genetic similarity to be 
0.955. This has the effect of "stretching" the dendrogram, 
showing more detail of genetic difference in the large 
groups found by Nei's comparison, although Nei's and 
Rodgers' comparison don't necessarily produce the same



66

groupings. For example, Nei's identity and distance both 
clustered together Comber, Newtownmore, Salisbury, 
Yorkshire, Castlearchdale, Basingstoke and Swansea. Rodgers' 
calculation groups Comber, Salisbury and Newtownmore; 
Castlearchdale and Basingstoke; Swansea and Yorkshire were 
more loosely associated.

Rodgers' genetic similarity also indicated Copeland and 
Edinburgh to be distinct from all other groups, whereas, 
Nei's calculations indicated other larger groups to be more 
distinct from each other than from Copeland or Edinburgh. 
Rodgers' modified distance calculation again indicated 
Copeland and Edinburgh to be distinct, though like Nei's 
calculations, not totally isolated. This dendrogram also 
illustrated the other two points previously mentioned, and 
indeed largely reflects relationships suggested in Rodgers 
genetic similarity dendrogram.

The four dendrograms all illustrate the genetic 
similarity of wild rabbit populations. Indeed most 
populations demonstrated differences of no significance from 
each other. The only exceptions are Copeland and Edinburgh 
did show a significant level of difference from other 
populations.

2.3.5 F-Statistics
Wright's (1965,1978) F-statistics were further employed 

to examine genetic differentiation among and between 
populations. Interpretation of F-statistics are as follows; 
(i) Fg^ is always positive (Wright, 1978; Nei, 1977), 
ranging from 0 to unity, with 1 indicating complete subunit
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fixation. Complete subunit fixation indicates that all loci 
examined were fixed for different alleles. Hartl (1980) 
noted that values greater than 0.25 indicated great 
differentiation among populations, values of 0.15-0.25 
indicated considerable differentiation and values of 0.05- 
0.15 only moderate differentiation.
(ii) Fj-p measures the deviation of heterozygotic frequencies 
from Hardy-Weinberg equilibrium, assuming the total sample 
represents a single mating population. A positive Fj-p 
indicates an overall deficit of heterozygotous individuals 
(Wright, 1965) and suggests subdivision of the total sample. 
A negative Fj-p indicates a heterozygote excess, suggesting 
no subdivision and/or an avoidance of co-sanguine mating.
(iii) Fps also measures heterozygotic frequencies, this time 
within each population. If Fpg is positive (heterozygote 
deficiency) there is further subdivision or inbreeding 
(Wright, 1965). If Fpg is negative (heterozygote excess) 
there is no further subdivision and there may be avoidance 
of co-sanguine mating (Wright, 1965).

Both Fpg and Fpp values may range from -1 to 1.
Tables 2.10 and 2.11 indicate the results of the F- 
statistics calculated for the rabbit populations in this 
study. Individual Fgp values in table 2.10 range from 0.108 
to 0.672, averaging at 0.415, indicating a great level of 
differentiation between populations. Agp-1, Icd-2 and Mae-1 
gave values of 0.416, 0.672 and 0.301 respectively. These 
all indicate great levels of differentiation. However as 
each locus was only polymorphic for one population, this is 
not surprising. More significant is the Mpi-2 value of
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0.562, again indicating great levels of differentiation, but 
this time at a widely polymorphic locus. Sod-1 gives a value 
of 0.108 indicating only moderate differentiation, however 
the overall average of 0.415, with Mpi-2's value of 0.562 
indicated that overall, the populations are genetically 
distinct.
This is further supported by the average Fjp value of 0.421 
indicating the rabbit population, taken as a whole, shows a 
heterozygote deficiency, and is therefore genetically 
subdivided. Again Agp-1, Icd-2 and Mae-1 gave high positive 
values of 0.356, 0.731 and 1.0 respectively. Sod-1 showed
the lowest value of 0.101, indicating that of all the 
polymorphic loci, it conforms most to Hardy-Weinberg 
proportions. Once more Mpi-2 demonstrated a high positive 
value of 0.554, confirming strong subdivision.

Table 2.11 summarizes all Fjs values calculated by 
EIOSYS-1. Looking at the values for Sod-1, Basingstoke shows 
the greatest deviation from 0, with an Fjg value of 0.630, 
indicating a heterozygote deficiency. As discussed before, 
this arises due to the genotypic ratio of 13:1:1. However, 
in general Fjg values for Sod-1 deviate very little from 0, 
and this is reflected in the average value of -0.008 
(table 2.10), indicating no further subdivision within the 
populations .

Icd-2 was found to be polymorphic in only one population, 
leading to a single Fjg value for this locus. The value of 
C.181 is unexceptional showing a slight heterozygote 
ceficiency, however it is hard to draw any conclusions from 
tnis single result.
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A similar situation arose with Agp-1, as it was only 
found to be polymorphic only in the Copeland sample. Again 
the value of -0.103 is unexceptional, and no solid 
conclusions should be drawn.

Mae-1 however, though only polymorphic in one population, 
produced the exceptional result of 1.00, indicating no 
heterozygotes were found in the population of 13 where the 
homozygotic ratio was 9:4. This would indicate extreme 
inbreeding, though as mentioned earlier it is more likely to 
be due to a Wahlund effect. The possibility of gel mis
typing was also considered throughout the chapter, as this 
can occur in areas where the variation is not repeated in 
other populations for comparison.

Mpi-2 exhibited an Fjg value of -0.019 (table 2.10), 
indicating no further subdivision. Individual populations 
show more interesting results however. Glenwhirry has been 
identified previously as showing heterozygote excess, and 
this is again reflected in a value of -0.37. From the 
allelic breakdown it may be see that is largely due to the 
Mpi-2(94) allele value of -0.518, indicating that the 94 
allele is underexpressed most of all in heterozygotic 
combinations. This phenomenon is not generally mirrored in 
other populations with Fj5 values at this allele ranging 
from -0.518 to 0.639. Therefore it cannot be assumed that 
there is any selection pressure on the Mpi-2(94) allele to 
combine with any other.

Indeed the other two alleles (100, 87) displayed similar 
trends, with one notable exception. This occurred in the 
Copeland site, where the Fjg for allele (87) is 1.00
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indicating it was not combined in any heterozygotes, though, 
as discussed earlier, this may be attributed to the Wahlund 
effect.

Average Mpi-2 Fjg values showed nothing significant with 

the exception of Pomeroy, Loughry and Monaghan, whose 

values of 0.636, 0.59 and 0.638 respectively indicate 

heterozygote deficiency. This was probably due to small 
sample sizes.
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Table 2.3: Summary of results for initial 
determine which tissue/buffer combination 
most scorable result for each protein. The 
combination in each case is highlighted by 
the appropriate column.

experiment to 
provided the 
most suitable 
bold print in

Protein Tissue
Buffer 

AM (6.1)
System

TCB (8.6)
ADK H ★ ★ ★ ★ ★ ★ *

L * ★ * * * k
M •k -k 'k -k k k

AGP H ★ ★ k

L "k 'k 'k "k * k
M ★ ★ ★ ★ k k

ADH H k k k k k

L ★ ★ ★ ★ ★ k

M ★ ★ ★ ★ ★ k

ALD H k k k k

L k k k k

M k + + * +

AAT H ★ ★ ★ ★ ★ k ★
L k k k k k k k

M k k k k k

CRK H k k k k k k

L ★ ★ ★ ★ ★ k k k

M * * * ★ ★ ★
ENO H ★ ★ ★ ★ ★ k k k

L k k k k k k k

M k k k k k

FUM H k k k k k

L k k k k k k

M k ★ ★ ★ ★ ★
G6P H k k k k it

L ★ ★ ★ ★ ★ k

M ★ ★ k

HEX H * k ★ ★ ★ ★
L k k

M k k

ICD H k k k k k k k

L ★ ★ ★ ★ ★ k k k

M k k k k k k k

LDH H k k k k k k

L k k k k k k k k

M ★ ★ ★ ★ k k k k

MDH H ★ ★ ★ ★ ★ k k k

L k k k k k k k k

M k k k k k k k k

MAE H ★ ★ ★ ★ k k

L * * * * k k

M k k

PEP H * * ★ ★ ★ ★
L k k k k

M k k k k k
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table 2.3 (cont.)

Protein Tissue
Buffer 

AM (6.1)
System

TCB (8.6)
PGM H ★ k

L ★ 'A- k

M ★ ★ ★ ★ k

PGI H -k -k -k -k -k k k

L k -k k k k k k

M ★ ★ ★ ★ ★ k k

PMI H k k

L k k

M k k

SOD H k k k k k k k

L k k k k k k k

M k k k k ★ ★ ★ ★
6PG H k k ★ ★ ★ ★

L k k k k k

M k k k k k k

H- Heart *- 
M- Muscle **- 
L- Liver ***_

v. poor/ absent staining 
poor staining 
fair staining 
good staining 
excellent staining



Figure 2.3a: Representation of the mobility of alleles 
under starch gel electrophoresis for the AGP-1 locus.
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Figure 2.3b:
under starch

Representation cf the mobility of allele 
gel electrophoresis for one ICD-2 locus.



Figure 2.3c: Representation, from photograph, of the 
mobility of alleles under starch gel electrophoresis for 
the MAE-1 locus.

A = 100/100 
B = 130/130
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Figure 2.3d: Representation, from photograph, of the 
mobility of alleles under starch gel electrophoresis for 
the PMI-2 locus.

A = 100/100 
B = 100/94 
C = 94/94 
D = 94/87 
E = 87/87
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Figure 2.3e: Representation, from photograph, of the 
mobility of alleles under starch gel electrophoresis for 
the SOD-1 locus.

A = 100/100 
B - 100/50 
C = 50/50
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Figure 2.4 a: Pmi-2 allele frequencies across 
Northern Ireland
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Figure 2.4 b: Pmi-2 allele frequencies across 
Great Britain
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Figure 2.5 a: Sod-1 allele frequencies across 
Northern Ireland
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Figure 2.5 b: Sod-1 allele frequencies across 
Great Britain
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Table2.5: Chi-square tests for deviation from Hardy-Weinberg equilibrium.

Population Test Locus Chi-value d.f. P.
Glenwhirry norm Mpi-2 6.708 3 0.082

Sod-1 0.758 1 0.384
pool Mpi-2 6.472 1 0.011
exct Mpi-2 - - 0.016

Sod-1 - - 0.663
Comber norm Mpi-2 0.635 1 0.426

exct Mpi-2 - - 1.000
Ballynahinch norm Mpi-2 2.147 3 0.542

Sod-1 0.283 1 0.595
pool Mpi-2 1.363 1 0.243
exct Mpi-2 - - 0.320

Sod-1 - - 1.000
Saintfield norm Mpi-2 1.828 3 0.609

Sod-1 0.255 1 0.614
pool Mpi-2 0.098 1 0.754
exct Mpi-2 - - 1.000

Sod-1 - - 1.000
Rosslea norm Mpi-2 0.032 1 0.857

Sod-1 0.013 1 0.908
exct Mpi-2 - - 1.000

Sod-1 - - 1.000
Knockmanny norm Mpi-2 0.608 1 0.435

Sod-1 1.301 1 0.254
exct Mpi-2 - - 0.654

Sod-1 - - 0.354
Favor Royal norm Mpi-2 0.309 3 0.958

Sod-1 0.010 1 0.919
pool Mpi-2 0.035 1 0.852
exct Mpi-2 - - 1.000

Sod-1 - - 1.000
Fintona norm Sod-1 1.301 1 0.254

exct Sod-1 - - 0.354
Necarne norm Mpi-2 0.555 1 0.456

Sod-1 0.181 1 0.671
exct Mpi-2 - - 0.619

Sod-1 - - 1.000
Castlearchdale norm Sod-1 0.258 1 0.611

exct Sod-1 - - 1.000
Parkanaur norm Mpi-2 0.111 1 0.739

Sod-1 0.041 1 0.839
exct Mpi-2 - - 1.000

Sod-1 - - 1.000
Newtownmore norm Mpi-2 0.258 1 0.611

exct Mpi-2 - - 1.000
Dundee norm Mpi-2 2.627 1 0.105

Sod-1 0.086 1 0.770
exct Mpi-2 - - 0.163

Sod-1 - - 1.000



Table2.5: Chi-square tests for deviation from Hardy-Weinberg equilibrium

Population Test Locus Chi-value d.f. P.
Edinburgh norm lcd-2 0.684 1 0.408

Mpi-2 0.106 1 0.745
Sod-1 0.040 1 0.841

exct lcd-2 - - 0.555
Mpi-2 - - 1.000
Sod-1 - - 1.000

Yorkshire norm Mpi-2 0.508 3 0.917
Sod-1 0.181 1 0.671

pool Mpi-2 0.508 1 0.476
exct Mpi-2 - - 1.000

Sod-1 - - 1.000
Salisbury norm Mpi-2 0.467 1 0.495

exct Mpi-2 - - 1.000
Basingstoke norm Mpi-2 0.000 1 1.000

Sod-1 8.988 1 0.003
exct Mpi-2 - - 1.000

Sod-1 - - 0.103
Loddington norm Mpi-2 1.006 1 0.316

Sod-1 0.467 1 0.495
exct Mpi-2 - - 0.578

Sod-1 - - 1.000
Swansea norm Mpi-2 0.086 1 0.770

Sod-1 1.301 1 0.254
exct Mpi-2 - - 1.000

Sod-1 - - 0.354
Pomeroy norm Mpi-2 10.990 1 0.001

Sod-1 3.311 1 0.069
exct Mpi-2 - - 0.086

Sod-1 - - 0.124
Bushmills norm Mpi-2 7.670 3 0.053

Sod-1 0.206 1 0.650
pool Mpi-2 4.003 1 0.045
exct Mpi-2 - - 0.069

Sod-1 - - 1.000
Copeland norm Agp-1 0.520 1 0.820

Mpi-2 30.050 3 0.000
Mae-1 14.520 1 0.000

pool Mpi-2 6.188 1 0.013
exct Agp-1 - - 1.000

Mpi-2 - - 0.033
Mae-1 - - 0.000

Slieve Gullion norm Mpi-2 7.019 3 0.071
Sod-1 0.207 1 0.649

pool Mpi-2 5.178 1 0.023
exct Mpi-2 - - 0.074

Sod-1 - - 1.000
Gosford norm Mpi-2 0.221 1 0.639

Sod-1 2.609 1 0.106



Table2.5: Chi-square tests for deviation from Hardy-Weinberg equilibrium.

Population Test Locus Chi-value d.f. P.
exct Mpi-2 - - 1.000

Sod-1 - - 0.241
Hillsborough norm Mpi-2 0.793 1 0.373

Sod-1 0.283 1 0.594
exct Mpi-2 - - 0419

Sod-1 - - 1.000
Loughry norm Mpi-2 4.308 1 0.038

Sod-1 0.750 1 0.386
exct Mpi-2 - - 0.200

Sod-1 - - 0.481
Kilskeery norm Sod-1 3.034 1 0.082

exct Sod-1 - - 0.130
Colebrooke norm Sod-1 3.510 1 0.061

exct Sod-1 - - 0.099
Monaghan norm Mpi-2 11.657 1 0.001

Sod-1 0.120 1 0.729
exct Mpi-2 - - 0.081

Sod-1 - - 1.000
Newforge norm Mpi-2 0.000 1 1.000

Sod-1 0.030 1 0.862
exct Mpi-2 - - 1.000

Sod-1 - - 1.000
Greenmount norm Mpi-2 1.074 1 0.300

Sod-1 0.455 1 0.500
exct Mpi-2 - - 0.299

Sod-1 - - 0.656
Hughes norm Sod-1 1.089 1 0.297

exct Sod-1 - - 0.420
Lisnarick norm Sod-1 0.318 1 0.573

exct Sod-1 - - 0.923
Craigs norm Mpi-2 0.077 1 0.782

Sod-1 1.273 1 0.259
exct Mpi-2 - - 1.000

Sod-1 - - 0.487



92

Table 2.6: Fixation indices as calculated by BIOSYS-1. 
0- Observed number of heterozygotes 
E- Expected number of heterozygotes 
F- Fixation index
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Table 2.7: Summarizing contingency chi- 
square tests, carried out for each polymorphic locus.

Locus n. Chi-value D.F. P
Agp-1 2 485.209 33 <0.001
Icd-2 2 782.291 33 <0.001
Mpi-2 3 1282.065 66 <0.001
Sod-1 2 110.775 33 <0.001
Mae-1 2 348.884 33 <0.001
Totals - 3009.225 198 <0.001

n. - number of alleles found at locus 

D.F. - degrees of freedom 

P - probability value



Table 2.8: Genetic distances and identities calculated

according to Nei (1978).

Above diagonal: Genetic Identities 

Below diagonal: Genetic Distances
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Table 2.3: Genetic distances and similarities 
calculated according to Rodgers (1972).

Above diagonal: Genetic Distances 

Below diagonal: Genetic Similarities
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Figure 2.6 Nei (1978) unbiased 
genetic identity.
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e 2.7 Nei (1978) unbiased 
genetic distance.
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Figure 2.8 Rodgers (1972) 
genetic similarity.

rt
■C

rC

■Glenwhirry 

• Loughry 

Comber 

Salisbury 

Newtownmore 

Rosslea 

Parkanaur

Castlearchdale 

Basingstoke

- Swansea

- Yorkshire

- Favour Royal

- Ballynahinch

- Saintfield

- Knocknanny

- Dundee

- Loddington

- Bushmills

- Necarne

- Hillsborough 

» Pomeroy

• Slieve Gullian 

•Gosford

- Fintona

— Kilskeery 

— Hughes 

— Lisnarick

----  Craigs

----  Monaghan

____  Greenmount

j____ Colebrooke

!____ Newt'orge

____ _ Edinburgh

------ Copeland

0.95 0.966 0.983 1.00



J.

2.9 Modified Rodgers geneticFigure Glenwhirrydistance (Wright, 1978).
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Table 2.10: FxS values, calculated by BIOSYS-01, for 

alleles of variant loci.

ave - average value 

all. A - Mpi-2 (100)
all. B - Mpi-2 (94)

all. C - Mpi-2 (87)
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Population Agp-1
ave

lcd-2
ave

Sod-1
ave

Mae-1 Mpi-2
ave all. A all. B all. C ave

Gienwhirry - - -0.190 - -0.300 -0.518 -0.209 -0.370

Comber - - - - -0.214 -0.214 - -0.214

Ballynahinch - - -0.167 - -0.120 -0.348 -0.400 -0.327

Saintfield - - -0.116 - 0.069 -0.085 -0.043 -0.011
Rosslea - - -0.058 - -0.063 -0.063 - -0.063

Knockmanny - - 0.216 - -0.200 -0.200 - -0.200

Favor Royal - - -0.004 - -0.004 -0.067 -0.026 -0.036

Fintona - - 0.216 - - - - -

Necarne - - -0.111 - - -0.190 -0.190 -0.190

Castlearchdale - - -0.154 - - - - -

Parkanaur - - -0.082 - -0.103 -0.103 - -1.030

Newtownmore - - - - -0.154 -0.154 - -0.154

Dundee - - -0.081 - -0.387 -0.387 - -0.387

Edinburgh - 0.181 -0.077 - - 0.048 0.048 0.048

Yorkshire - - -0.111 - -0.111 -0.176 -0.053 -0.132

Salisbury - - - - -0.200 -0.200 - -0.200

Basingstoke - - 0.630 - - -0.034 -0.034 -0.034

Loddington - - -0.200 - -0.292 -0.292 - -0.292

Swansea - - 0.216 - -0.081 -0.081 - -0.081

Pomeroy - - 0.398 - - 0.636 0.636 0.636

Bushmills - - -0.125 - -0.178 0.443 0.200 0.167

Copeland -0.103 - - 1.000 0.567 0.639 1.000 0.667

Slieve Gullion - - -0.131 - -0.027 0.208 0.475 0.318

Gosford - - -0.417 - - -0.133 -0.133 -0.133

Hillsborough - - -0.128 - - 0.166 0.166 0.166

Loughry - - 0.238 - 0.590 0.590 - 0.590

Kilskeery - - -0.400 - - - - -

Colebrooke - - 0.497 - - - - -

Monaghan - - 0.050 - 0.638 0.638 - 0.638

Newforge - - -0.100 - -0.043 -0.043 - -0.043

Greenmount - - -0.125 - 0.155 0.155 - 0.155

Hughes - - 0.300 - - - - -

Lisnarick - - 0.127 - - - - -

Craigs - - -0.455 - -0.143 - -0.143 -0.143
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Table 2.11: Summarizing t-sraristics for each 
polymorhic locus.

Locus F (IS) F (IT) F (ST)
Agp-1 -0.103 0.356 0.416
Icd-2 0.181 0.731 0.672
Mpi-2 -0.019 0.554 0.562
Sod-1 -0.008 0.101 0.108
Mae-1 1.000 1.000 0.301
Mean 0.011 0.421 0.415
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2.4 Discussion

2.4.1 Potential Sources of Error
It is important to examine possible sources of error, and 

bear these in mind, while discussing the findings of this 

electrophoretic data.

In the cases where loci were found to be polymorphic 

zymograms produced clear and well defined banding patterns. 

The possibility of mis-typing was minimized by double 

checking gels. As indicated in section 2.2, samples were 

applied in batches of 10. This aided typing and lowered the 

chance of mis-recording results.

Sample size was another factor wdiich influenced the 

amount of genetic variation detected. In this study sample 

size ranged from 7 to 36 (average 17) . This is somewhat 

lower than previous studies where 50 rabbits were used from 

each of 4 countries (Richardson, 1980a) and an average of 39 

pikas from 5 sites were used by Glover (1976) . However it is 

clear that the small number of sites used facilitated the 

usage of large sample sizes i.e. using 40 to 50 rabbits from 

34 sites (compared with 4 for Richardson's study) would have 

been an impractically large total sample, in terms of 

temporal and financial cost.

Lagomorph studies which used more sites or groups have 

comparable sample sizes i.e. Peterka & Hartl (1992), Hartl 

et al (1990), Hartl (1987) and Van Den Bussche (1987) 

averaged 19, 14, 19 and 10 respectively.
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Marshall and Brown (1975) reported that to adequately 
assess the distribution and extent of genetic variability in 

a natural population at least 95% of all alleles with a 

frequency of 0.05 or more should be detected. To meet this 

criterion, a diallelic locus with one allele at a frequency 

0.05, a minimum of 30 diploid individuals must be sampled.

This was not possible in many instances. This was partly 

due to the difficulties in obtaining samples. Trapping a 

single site took several weeks to acquire even 20 samples. 
Problems were encountered during trapping with other animals 

(particularly badgers) raiding the traps and taking the 
rabbits. Human interference was also encountered, and it was 
found that the longer a site was trapped, the greater the 

probability that traps would be disturbed. On two occasions 

this led to abandonment of sites. Shooting facilitated 
faster sample collection and avoided associated trapping 

problems. However, most shooting was carried out by 

agricultural staff, as part of their normal duties, and it 

is likely that rabbits were sampled over a greater 

geographical range than those trapped, hence increasing the 

chance of sampling across 2 or more populations.

Some sites yielded only 7 to 8 individuals. Even though 

this sample size was small, results were included as they 

provided an extra geographic point and set of data. When 

examining the data from these populations it was borne in 

mind that rare alleles may have been missed.
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2.4.2 Amount of Variation

As indicated in the results section, five polymorphic 

loci were recorded from 32 loci tested. This ratio is 

similar to that found by Richardson et al. (1980), who found 

5 polymorphic loci from 25 tested. These figures were 

recorded from Australian, Tasmanian , French and British 

(England and Wales) wild rabbits, though only 3 polymorphic 

loci were found in the British rabbits. Average 

heterozygosity (H) calculated for the Australia rabbits was 

0.059, compared to a range of 0.004 to 0.041 (av. 0.018) in 
this study. Richardson (1980) indicated no figure of average 

heterozygosity for the British rabbits, though with only 3 
loci being polymorphic it would have considerably less than 

0.059.
A more recent study established average levels of 

heterozygosity in wild Austrian and French rabbits as 0.023 

and 0.024 respectively, with H in domestic strains of rabbit 

ranging from 0.014 to 0.027 (Peterka & Hartl, 1992). It was 

also shown that New Zealand white x Russian crossbred 

rabbits had an H value of 0.05 (Hartl & Hoger, 1986), 

whereas the brown hare in Europe had an H of 0.048 (Hartl et 

al., 1990) .

American pika populations in Colorado were shown to have 

average heterozygosities of 0.002 to 0.007, while pikas in 

Montana had a value of 0.046 (Glover, 1977). However Glover
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cited an earlier study as showing very different values for 

North American pikas:

Colorado 0.014 
British Columbia 0.037 

Montana 0.009
Glover suggested that the earlier study used different 

isozymes, and this may have affected the results. This 

factor should be borne in mind when comparing studies.

Taking the above factor into account, an H value of 0.018 

is similar to other wild rabbit and other lagomorph studies. 
Indeed the value indicates rabbits in this study to have 
slightly lower than the average heterozygosity than the 

mammalian average (H = 0.036: Nevo, 1978).
There are several possible reasons for the low H value 

recorded in British wild rabbit populations:

(i) As discussed later, it may be due to founder effects, 
genetic bottlenecks resulting from population crashes e.g. 

after myxoma and social structuring which reduces the 

effective population size. This in turn increases the 

effects of genetic drift raising the possibility of 

variation loss.
(ii) Rabbits suffer high mortality rates each year as part 

of their natural life history. This culminates in a 90% 

death rate of young rabbits over their first winter (in the 

majority of cases before they themselves reproduce). 

Therefore, any neutral mutation occurring in an individual 

has only a 10% chance of surviving the winter. The chances
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of this mutation transferring to the next generation's gene 

pool will be further reduced in the next year due to 
predation, disease, social competition etc. That is, wild 
rabbit populations can be considered to be under high 

selective pressure and this may make them highly genetically 

conservative as a species.

2.4.3 Intra-population Variation
From table 2.5 it has been shown that the majority of the 

polymorphic loci are in Hardy-Weinberg equilibrium. Of those 

which are not, Basingstoke (Sod-1), Pomeroy (Mpi-2), Loughry 
(Mpi-2) and Monaghan (Mpi-2) showed significant 

heterozygosity deficiencies, supported by fixation values of 
0.63, 0.636, 0.59 and 0.638 respectively. The deviation from 
Hardy-Weinberg arose in a similar way for all 4 populations, 
in that a homozygote for the rarer allele was present 

without a sufficient number of heterozygotes present to 
fulfill Hardy-Weinberg expectations. This situation may have 

arisen in five different ways:

(i) The sample size was too small (especially Loughry, n = 

8), i.e. a larger sample may have uncovered more 

heterozygotes.

(ii) The sample may have been taken across two or more 

genetically distinct populations. This is termed the Wahlund 

effect, and is discussed in depth later in this section.

(iii) Selection occurred against the heterozygote. This is 

unlikely, as it was not supported by data for the same locus
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from other populations. The presence of selection was also 

tested over all polymorphic loci (see section 2.4.4), and 
was found to be at a non-significant level.

(iv) Non-random breeding is occurring, in this case 

inbreeding. As with the last point this is not supported by 

evidence from other populations.

As (ii) and (iv) proved unlikely, it was assumed that 
significance arose by a combination of points (i) and (ii), 

and the results are not a result of inbreeding or selection.

A further 3 populations, Glenwhirry, Bushmills and Slieve 

Gullion gave significant results for the Mpi-2 locus under 
the pooling test. The P values of 0.011, 0.045 and 0.023 
respectively indicated a significant, though not highly 
significant, deviation from Hardy-Weinberg equilibrium. As 

indicated previously this may have been due to a type-1 
error. It is also worth noting that in none of the cases did 

the "normal" testing regime give a significant result. This 
suggests that the pooling system may have exaggerated rather 
than aided the problems of calculating significant deviation 

from Hardy-Weinberg in a locus with 3 alleles.

The Copeland Island data provided the most interesting 

deviation from Hardy-Weinberg expectations. All three tests 

indicated a significant result for the Mpi-2 locus, with the 

normal test giving a result of P< 0.001. Looking at the 

original data, the genotypic ratios were as follows;
100/100 : 100/94 : 100/87 : 94/94 : 94/87 : 87/87 

2 : 2 : 0 : 8 : 0 : 1



All tests indicated a heterozygote deficiency. It is 

particularly unusual to see no Mpi-2 (100/87) or Mpi-2 

(94/Z87) heterozygotes while an Mpi-2 (100/87) was present. 
Taking the locus on its own, small sample size may explain 

the deviation from Hardy-Weinberg. However, when the Mae-1 

locus was examined, no heterozygotes were present at all. 

Instead there was a 9:4 ratio of Mae-1 (100/100) to Mae-1 

(150/150) homozygotes. This resulted in a P value less than 

0.001 for all tests. The 9:4 ratio made it difficult to 

attribute the lack of heterozygotes to sample size. Looking 

at other populations there is no evidence to suggest 
significant inbreeding has occurred in rabbit populations.

Selection also seems improbable as the type of selection 
would have to have been disruptive (disruptive selection 

selects against survival of heterozygotes). Disruptive 
selection, however, is generally resolved with the fixation 
of the locus. In the case of the rabbit, an animal with a 
small generation time, it is likely that this would have 

occurred in a short time span. Therefore, it must be assumed 

that the sample has been taken across two genetically 

distinct populations whilst assuming them to be one (Wahlund 

effect) . This may help explain the presence of the Mpi-2 
(87/87) homozygote, with no Mpi-2 (87/x) heterozygotes 

found. It is worth noting at this point that rabbits were 

shot over the entire range of the island and in some cases 

diseased rabbits were collected by hand. This would have
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maximized the likelihood of multiple populations being 

sampled.
It may also be worth noting at this point that in the 4 

populations (Basingstoke, Pomeroy, Bushmills and Loughry) 

where a single homozygote of the less common allele was 

found, sampling was carried out by shooting. This was 

carried out by game staff who shot the rabbits over a large 

area and may indeed have also sampled across multiple 
populations.

2.4.4 Testing For Selection
Selection was tested for using the Lewontin-Krakauer 

(1973) test for neutral genes. This involves testing the 
observed value of the inter-locus variance (S2F) of the 

estimate (F) of Wright's FST against the theoretical 
variance (02F) .

F is given by;
02P .

P (1-P)

where P = mean frequency of allele over all populations 

02P = variance in frequency of allele and should be the same 

for all selectively neutral alleles. If selection is acting, 
however, the various F values will show a degree of 

heterogeneity.

Following Lewontin and Krakauer (1973) the theoretical 

expected variance with neutrality is given by (overleaf):
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Op — n— 1

where F is the mean of all F values 

and n is the number of populations.

This test was carried out for 34 populations, taking in 5 

loci. Estimated F values were as follows;

Agp-1 (100) 0.42

Agp-1 (XX) = 0.42

Mae-1 (100) = 0.336

Mae-1 (XX) = 0.336

Icd-2 (100) = 0.663
Icd-2 (50) = 0.663
Sod-1 (100) = 0.112
Sod-1 (50) = 0.112

Mpi-2 (100) = 0.631

Mpi-2 (94) = 0.516

Mpi-2 (87) = 0.604

F = 0.437 

S2f = 0.041 
02F = 0.012

The ratio of expected variance is equated to X2 with k-1 

degrees of freedom (df). Each diallelic locus requires only 

one F value hence 1 df. At multiallelic loci F is calculated 

for each allele separately. However as some correlation 

between alleles is still present one df is lost. Thus df for
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the present study equals 4 diallelic (4df) + 1 triallelic

locus (2df) equals 6 df.

o

x = o2f

= 3.42 (p < 0.9)

This value is not significant thus it can be concluded 
that the spatial genetic variation observed in this study 

can be accounted for by breeding structure alone and not 
selection.

2.4.5 Inter-population variation
As noted in the results section (2.3), dendrograms 

constructed from genetic identity and distance coefficients 
demonstrated no obvious geographical pattern in their 
groupings i.e. geographically closer populations were no 
more closely (genetically) related than other populations. 
This was highlighted further by the mainland British 

populations showing no preferential clustering together. The 

two populations which showed the greatest genetic distance 

from other populations were Copeland and Edinburgh. This was 

largely due to the presence of variation at loci in these 

populations which was not present in any other population 

i.e. Agp-1 and Mae-1 at Copeland and Icd-2 at Edinburgh. 

Calculations according to Nei for genetic identity ranged 

between 1 (complete similarity) to 0.955, translating to a 

cluster level range of 1.00 to 0.983 on the corresponding
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dendrogram. This was directly reflected in Nei's genetic 
distance calculations giving a similar magnitude of range (0

0.046) and the same pattern of association on the 

dendrogram. Rodgers' calculations showed greater differences 

between populations with a distance range of 0.002 to 0.211. 
This compares with a range of 0.03 to 0.27 for wild rabbits 

from Australia, Tasmania, France and Britain. However the 

two British sites (south England and Wales) showed a 

similarity of 0.06 (Richardson, 1980). Rodgers' similarity 

calculations gave a range of 0.999 to 0.94 with, yet again, 

Copeland and Edinburgh being the most genetically distant 
from other populations. Both the calculations according to 
Rodgers and Nei indicated that the level of variation within 
the rabbits from this study lie above the 0.85 (similarity) 

level accepted for the limit of conspecific population 
variation (Avise, 1974).

Previously, genetic distances calculated according to Nei 

(1978) indicated a similarity of 0.997 for two populations 

of wild European rabbits (Peterka & Hartl, 1992) and an 

average similarity of 0.9717 between wild and domestic 

rabbits (Hartl, 1987). Other lagomorphs have indicated 

genetic identities of 0.78 to 0.99 in pikas (Glover et al. , 

1977), 0.6147 between rabbits and the brown hare (Hartl, 

1986), and distances of 0.08 in cottontails (Van Den Bussche 

et al., 1987). In contrast to other mammalian species, 

genetic distances are 0.15 in prairie dogs (Chesser, 1983) 
to 0.002 in Scandinavian moose (Ryman et al., 1980) .
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Therefore, as with levels of heterozygosity, the present 

study reflects genetic similarity/distance found in other 

lagomorph species and lies within the normal mammalian 

range.
However, an average Fj'p value of 0.421 indicated a large 

degree of subdivision within the population as a whole (as 
opposed to a low value of 0.011 for Fjg, indicating no 

subdivision within samples). This was further reinforced by 

an FgT value of 0.415 which indicated great genetic 

differentiation between sub-populations (Hartl, 1980).

2.4.6 Conclusions

(i) Genetic Variation in the European Rabbit

Average heterozygosity levels in the current study were 

comparable to those found in previous lagomorph studies, 
though different loci were noted to be polymorphic i.e. Sod- 
1 and Icd-2. It was also noted that loci previously 

recognized as polymorphic were not found to be polymorphic 

in this study, e.g. G6p-1. When this fact is considered 

together with the levels of genetic differentiation between 

populations in this study, it may be deduced that individual 

rabbit populations can be considered singular or isolated. 

The distribution of alleles may have been a direct result of 

the original movements of rabbits away from their native 

areas. That is, their original displacements from the 
Iberian peninsula. As discussed earlier, rabbits were 

probably carried around Europe by humans rather than spread
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of their own accord. This type of movement, where small 
numbers of individuals established a large population, would 
result in founder effects, potentially lowering the level of 
variation in the subsequent populations. It would also 
explain the reason for finding different polymorphic loci at 
different sites. It follows that populations started from a 
small number of individuals may have different alleles (at a 
given locus) by chance, i.e. as a result of the genetic 
make-up of the founders..

As rabbits were introduced to Britain by the Normans, 
this implies that Britain was stocked by rabbits from 
Normandy. This may have caused the original founder effects 
and probably is the most important factor in determining the 
genetic make-up of Britain's rabbit population. That is, it 
would have established the initial British gene pool for 
the wild rabbit. Later introductions (in the form of both 
wild and domestic rabbits) should also be considered. This 
may have had the effect of introducing new alleles to local 
populations and may explain the occurrence of loci being 
polymorphic for only a single population, for example, Icd-2 
at Edinburgh.

(ii) The Impact of Myxomatosis and Importance of Effective 
Population Size on Wild Rabbit Populations.
Effective population size (Ne) was originally theorized by 

Wright (1931), and takes into account the view that not all 
individuals within a population have an equal chance of
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contributing to the next generation. Daly (1981) proposed 

that a wild rabbit colony in New South Wales had an 
effective population size of 60% of the census size. This 

was largely due to the social structure of the rabbit colony 

where the more dominant males made a greater contribution to 

the gene pool of the next generation. Other factors included 

a slight disparity in sex ratio of kittens born and the fact 

that breeding generations overlap. Daly recognized that this 

reduction in the effective population size exposes the 

population more to the effects of genetic drift and may be a 

cause of loss of variation.
Daly's study estimated that 25% of kittens would survive 

the winter and did not consider bottlenecks caused by 
myxoma. In Britain the survival rate is lower (10%) and 
myxoma has sporadically culled large numbers of rabbits over 
the past few decades. This also reduces the effective 
population size in the following way

Ne = n/ (1/Ni)

(Avise, 1994)

where Ni is population size in the ith generation and n is 

the number of generations. This produces a harmonic mean 

which tends towards the lower rather than higher end of a 

series of numbers to be averaged.

Myxoma induced bottlenecks in particular will lower the 

Ne, and hence make the level of genetic variation even more 

susceptible to genetic drift. For individual populations
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(sites) it is impossible to determine the extent to which 

bottlenecks have influenced population size and genetic 

variation, and the effects of myxoma can only be generalized 

over Britain, but it is fair to assume that some areas have 

been more effected than others, considering severity of 
strain (virus) and re-occurrence of infection. This will 

alter the effective population sizes of the test sites to 

differential levels. In turn this affects the level of 

variation and it follows that more severely affected 

populations (ones which have gone through more and tight 
bottlenecks) may contain less variation.

Taking into account that two loci (Mpi-2 and Sod-1) are 
widely polymorphic across Britain, it can be assumed that 

this variation was present in the original founding 

populations. As mentioned in 2.4.4 (i) allele frequency
differences may in part be due to founder effects, but it is 
equally likely that genetic bottlenecks may have reduced 

existing levels of variation at these loci (even to the 

point of fixation), especially where it is considered that 

myxoma induced bottlenecks can cause up to 99.9% mortality. 

This reduces the effective population size and potentially 

the levels of genetic variation.

The net result of these founder effects and bottlenecks 

is to produce a genetically differentiated and subdivided 

British wild rabbit population as indicated by FSt and FIT 

values respectively. However it is difficult to attribute 
the presence of variation (at a particular locus) in one
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population as being caused only by a genetic bottleneck. 

That is, the bottleneck could have reduced the variant 

allele to a frequency of 0 in all other populations. As 
mentioned in 2.4.4 (i) regional founder effects or secondary

releases may also have caused this phenomenon. Mutation 

cannot be ruled out either since the mutation may have 

occurred in Britain in a localized area. This theory would 

require further examination of the gene pool in the 

immediate area in question, that is, a more localized regime 
of sampling.

(iii) Genetic importance of population bottlenecks and 
founder effects.

The genetic bottleneck and founder effect produce similar 
effects, though operate in different manners. A founder 
effect implies the initiation of a larger population from a 
smaller number of individuals. A genetic bottleneck arises 

through a reduction in population numbers ( a more severe 

reduction results in a more severe bottleneck). Either way, 

a resulting recovered population's gene pool will result 

from the contributions of a few individuals. As mentioned in 

(ii) this lowers the effective population size and may 

result in loss of genetic information through genetic drift.

Apart from loss of genetic information via genetic drift, 

a bottlenecked or founder population may be so small that 

inbreeding may occur i.e. close related matings of
parent/offspring or sibling/sibling. This increases the
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chance of bringing together recessive lethal alleles, which 

are carried in the population as heterozygotes. In turn, 

this may produce less healthy individuals and in turn would 
lead to a genetically less fit population. However it has 

been suggested that the concept of genetically less fit 

populations arising from a loss of variation does not 

adversely effect the success of a population (Avise, 1994) . 

We must consider the following points raised by Carson,
(a) Any reduction in genetic variation is the result of a 

genetic bottleneck, not the cause of it.
(b) Several successful species in the wild appear to have 

low levels of genetic variation. The bison [Bison bison) of 

South Dakota had only one polymorphic locus from 24 tested. 

Tasmanian and Australian bandicoot (Parameles gunii) had a 

complete absence of variation (27 loci examined). The black

footed ferret [Mustela nigripes) only had one polymorphic 

locus from 46 tested in its last remaining population. 

Spotted owl [Strix occidentalis) had no polymorphic loci 

present (23 tested) in 6 populations.
(c) The endangered species of northern elephant seal has 

recovered from very low numbers (severe bottleneck).

(d) The fitness cost of inbreeding may be species dependent 

i.e. may vary from species to species.

Applying these points to the wild rabbit in Britain, it 

can be argued that there is a low level of variation, though 

comparable to other rabbit studies (Richardson, 1980; 

Peterka & Hartl, 1992). Despite this, the species is very
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successful (to pest proportions), and has adapted to many 

different environments from arid Australia to the highlands 

of Scotland. The rabbit population of Britain has recovered 

from persistent (though decreasingly effective) myxoma 

outbreaks. It is also worth remembering at this point that 

rabbits suffer fluctuations as part of their yearly cycle in 

Britain, i.e. the species may be adapted to periodic 

population crashes and genetic bottlenecks.

(iii) Gene flow among rabbit populations and its 

relationship to rabbit movement.

When subdivided populations have equilibrated between 

migration and genetic drift, the standardized genetic 

variance (FST) for neutral alleles is related to gene flow 

by,

Fst = 1/ (4NeM + 1)

where Ne = effective population size and M = genetically 

effective migration rate per generation (Wright, 1978).

Applying this to FST data already obtained NeM can be 

estimated as ;

Agp-1 = 0.351 

Icd-2 = 0.355 

Mae-1 = 0.581 

Mpi-2 = 0.195 

Sod-1 = 0.206

average (averaged FST value) 0.352
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Assuming generation time in the rabbit to approximate to 

1 year we can assume an average effective movement of 1 

rabbit every 3 years moving between populations.

A second method of estimating gene flow uses the presence 

of private alleles in a population (Slatkin, 1985). Private 

alleles are those found in only one population. Slatkin 

showed by computer simulation of a variety of artificial 

populations that the logarithm of the average frequency of 

private alleles [p(l)] is related approximately linearly to 

the logarithm of NeM;

In [p(l)] = -0.505 In (NeM) - 2.440

Private alleles occurred in two populations, Copeland and 

Edinburgh. Values were calculated as follows;

Copeland NeM = 0.059 

Edinburgh NeM = 0.017

These values represent very low gene flow rates of 1 

rabbit per 20 years to/from Copeland and even less to/from 

Edinburgh. The fact that private alleles appear at all 

suggest isolation (reflected in dendrograms according to Nei 

and Rodgers) . This is further reflected by low levels of 

gene flow. As Copeland is an island it would follow than

rabbit movement (and hence gene flow) would be somewhat

restricted. Edinburgh however does not suffer such extreme

geographic isolation (it is on a sand spit and partially

isolated) but still reflects low levels of gene flow with

other populations.
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At this point it should be noted gene flow acts only as 

an indicator of rabbit movement and does not correlate 
directly with it. Lack of gene flow does not necessarily 

indicate lack of rabbit movement. For example, a rabbit may 
leave a colony to join another and may never breed in the 

new colony. This may be due to low survival rate or social 

organization.

2.4.7 Summary

In summary, several points were demonstrated in this 

study:

(i) The level of protein variation in the wild in Britain 
is low, though comparable to that found in other rabbit 
studies.
(ii) This level of variation is within the normal mammalian 

range, though at the lower end of that range.

(iii) Individual colonies probably suffer from a small 

effective population size, caused by founder effects and 

genetic bottlenecks. This may be the cause of the low levels 
of genetic variation found.

(iv) There is no evidence to state that low levels of 

variation discovered have adversely effected the success of 

the rabbit in Britain.

(v) Fst and gene flow values both indicate that British 

wild rabbit population is subdivided.
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(vi) A subdivided population implies there is little rabbit 

movement between populations, though individuals moving 
without breeding may not be discounted.



Chapter 3:
DNA Variation in the Rabbit.
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3.1 Introduction

3.1.1 Analysis of Protein Variation: Limitations

A major advantage in using starch gel electrophoresis as 
a method of examining genetic variation is the large number 
of samples which can be processed in a short time. The 
procedure is also relatively inexpensive. However proteins 
are only a secondary gene product (messenger ribonucleic 
acid, mRNA, being the primary product), and the amino acid 
sequence does not reflect every change in the DNA sequence.

DNA is a large polymer made up of sub-units called
nucleotides. Each nucleotide consists of a deoxyribose
sugar, a phosphate group and a base. The sugar and phosphate 
group form the backbone of the structure, while the bases 
protrude out sideways. This enables them to bind (by means 
of hydrogen bonds) to a complementary row of bases on 
another strand of DNA, to form the double helix structure 
found in eukaryotic and prokaryotic cells. However, the 
sequence of these bases performs another role. Each set of 
three bases is termed a codon, and a row of codons
determines the composition of a polypeptide (one codon codes 
for an amino acid) . In DNA there are 4 different bases,
adenine (A) , cytosine (C) , guanine (G) and thymine (T) , 
replaced by uracil(U) in RNA. The third base of a codon may 
be unimportant in amino acid recognition. For example, 
glycine may be coded for by CCA, CCG, CCC or CCT. Therefore,
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if the third base was changed by means of a point mutation, 
glycine would still result. Hence, this mutation would not 
be detected by starch gel electrophoresis.

Other changes in the DNA may also go undetected using 
starch gel electrophoresis. Small mutations, such as minor 
inversions, deletions or translocations in the DNA may not 
effect the resultant protein sufficiently to be detected by 
starch gel electrophoresis. The mutation may not change the 
protein's size or charge sufficiently to render it 
detectable by starch gel electrophoresis.

Apart from the fact that mutations may be undetected by 
starch gel electrophoresis, it must also be appreciated that 
only a small range of proteins is actually examined (mainly 
isozymes examined, few regulatory genes) , and even if all 
coding regions could be examined, there are extensive non
coding regions of the genome.

Starch gel electrophoresis has undoubtedly been a useful 
tool in past lagomorph population studies (see section 2.1). 
However there are still extensive areas of the genome where 
useful variation could exist. In order to address this 
problem, the DNA may be examined, revealing variation in the 
areas of the genome which may otherwise remain undetected.

3.1.2 Methods of DNA Examination
There are a number of ways to analyse DNA. DNA can be 

sequenced directly, and even though this process is 
relatively simple with present technology compared to
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consuming for population analysis.

DNA fingerprinting is now a widely used method of 
analysising DNA variation (Burke, 1989; Kirby, 1990). 
Fingerprinting is based on parts of the genome known as 
hypervariable or minisatellite regions. These non-coding 
regions often have tandem repeats of a short sequence, and 
can have multiple alleles ranging from a few to 50 or more 
repeats. As these areas suffer no functional constraints, 
evolution of new alleles occurs rapidly. In many organisms 
there are loci scattered throughout the genome with the same 
core sequence in the repeat units, and there are multiple 
families with different core sequences.

DNA may be cleaved with restriction enzymes, which will 
cut the DNA chain at a particular base sequence. If this 
occurs in the flanking regions rather than in the repeat 
sequences, DNA fragments of differing size may result. These 
can be separated on an agarose gel and identified using a 
radio-active probe (consisting of a radio-active label 
attached to the common core sequence). Since the core 
sequence is common to a number of loci, multiple loci will 
be detected simultaneously. This will produce a complex 
pattern which is unlikely to be identical between any two 
individuals in a sexually reproducing species. This 
technique can be used in strain/population identification, 
but it is expensive, time consuming and requires the use of 
facilities necessary for working with radioactivity. Such a 
procedure has been used in the past to show average 
percentage differences of between 13.7 and 18.6 in Japanese
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Mizulani, Yazawa & Shiomi, 1993).

A method was required which would identify polymorphisms 
in the DNA, but was efficient enough to process a large 
number of samples in a short time period. In 1990, two 
groups described independently a new polymorphism assay. One 
group termed it random amplified polymorphic DNA (RAPD) 
(Williams, Kubelik, Livak, Rafalski & Tingey, 1990), and the 
other termed it arbitrarily primed polymerase chain reaction 
(AP-PCR) (Welsh, Petersen & McClelland, 1990). Three major 
features of the RAPD technique are advantageous for this 
current study.

(i) When run on agarose gel, the amplified sections of 
DNA are stained using ethidium bromide. This technique 
allows quick recording of results (by photographing) and 
avoids the use of radioactive labeling.

(ii) Only small amounts of DNA are required to carry out 
the procedure, only 15-25 nanograms of DNA being required 
per assay (Rafalski, Tingey & Williams, 1991). This allows 
the use of a faster, though lower yielding, DNA extraction 
technique.

(iii) Although the RAPD assay is based on DNA 
amplification, no prior sequence knowledge of the genome is 
required (Rafalski et al., 1991). This was important in the
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present study as extensive sequence information of the wild 
rabbit genome was unavailable.

These 3 factors combine to give a procedure which can be 
carried out at a comparatively (to other DNA techniques) 
fast rate. It must be accepted that not as much data can be 
generated in the same time as starch gel electrophoresis, 
therefore only 19 populations were tested using 10 samples 
from each population.

3.1.3 The PCR (Polymerase Chain Reaction) Method
The RAPD method is a modification of the basic PCR 

method. The basic PCR method is as follows.
(i) Reaction mixture placed in tube consisting of;

(a) Target sequence of DNA.
(b) At least two primers, one annealing at each end of 

the sequence on opposite ends of the strands, orientated so 
their 3 ' prime ends point towards one another along the 
intervening sequence. A knowledge of the target DNA's 
flanking regions is required to manufacture suitable 
primers.

(c) A DNA polymerase to catalyse the reaction which 
manufactures new DNA strands.

(d) dNTPs (DNA building blocks) in the presence of a 
divalent metal ion (MgCl2+ preferred) .

(e) A thermal cycle repeated 10 to 50 times, which 
provides temperatures of 40 to 75°C for primer/template 
annealing and primer extension in the next cycle.

(f) A sealed tube of low volume which will not resist or 
retard the temperature fluctuations of the cycle.
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(ii) Double stranded DNA is separated into two single 

strands by heating to 90° to 99°C for several minutes.

(iii) Primer annealing and extension at 40° to 75°C to 

create a double stranded product of indefinite length.

(iv) Double stranded DNA separation at 90° to 99°C for no 

more than one minute.

(v) Primer annealing and extension at 40° to 75°C for

several minutes. This time, half of the templates will be 

first cycle products (intermediate templates). This will 

will ultimately direct the primer extension to the exact

size of the DNA segment between the two primers (short 

template).

(vi) Repeat (iv) and (v) for many cycles. This will build

up the number of short templates until they largely

outnumber other templates and represent the detectable PCR 

product.

The RAPD method of Walsh (1990) and Williams (1990) 

relies on an adjustment to the main PCR protocol. A single 

primer is used, which under low stringency conditions ( low 

annealling tempreture, high Mg2+) , will bind to various parts 

of the template DNA. Where two primers bind within 2,500

base pairs of each other, on opposite strands, the

intervening piece of DNA will be copied. For each primer 

used this will produce a series of DNA products which will 

separate by size on an agarose gel.

3.1.4 Past Applications of the RAPD Method
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Even though the RAPD method is a recent innovation, 
several studies already have found its method of 
polymorphism assay useful. The original experimenters Welsh 
et al. (1990) used the technique to "fingerprint" two

separate, inbred strains of mouse [Mus musculus), and

recognized the technique's value in strain identification. A 
single primer was found to identify 4 polymorphisms between 
the two strains, and these fragments were proved to be 
inherited by a cross breeding experiment. Williams et al.

(1990) carried out tests on human, corn, soybean and 
Neurospora crassa DNA. The experimenters found that a 10

nucleotide random primer with between 50 and 80% G + C 
content with no palindromic sequences (same base sequence 
read from either end) was preferable. The conclusions from 
this work were that polymorphisms were discovered for all 
test species and even the small genomic size of bacteria 
could support the amplification process.

The technique has also been used in gene identification. 
The RAPD technique identified polymorphisms which were 
linked with a Pseudomonas resistance gene in tomato (Martin,

Williams & Tanksley, 1991). A similar study found 
polymorphisms linked with mildew resistance in lettuce 
(Paran, Kesseli & Michelmore, 1991). The study recognized 
the technique's capacity to save time and observed that it 
provided more polymorphisms per unit area than RFLP analysis 
(where DNA is directly treated with restriction enzymes to 
produce DNA fragments). A further experiment on mice found 
95 polymorphisms from 481 random primers (Woodward, Sudweeks
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& Teuscher, 1992) . The experiment demonstrated the RAPD
technique 1s ability to recognize a large number of DNA
polymorphisms, and used these to distinguish between two
strains of mice.

3.1.5 Aims of the Experiment

The main aim of this study is to assess the value of RAPD 
analysis in differentiating European rabbit populations in 
the British Isles (as the isozyme study was unable to 
provide sufficient poulation markers). In the past this type 
of work has been successful across a wide range of species. 
These include: population studies on mice (Welsh et al. ,

1991; Woodward et al. , 1992); the characterization of two

biotypes of white fly in the USA (Gewal & Bartlett, 1993); 
variations in worldwide populations of two nitrogen fixing 
tree species, Gliricidia sepium and Gliricidia maculata

(Chalmers, Waugh, Sprent, Simons & Powell, 1993);genetic 
variation within spring turnip rape in Finland (Tanhuanpaa, 
Vilkki, Vilkki & Pulli, 1993); genetic differentiation 
between cocoa [Theobrome cacao) populations (Russel, Hosein,

Johnson, Waugh and Powell, 1993); comparisons of levels of 
variation in tomato (Ruskortekaas, Smulders, Arens & Vosman, 
1994); detection of differences in E. coli strains (Cave,

Bingen, Elion & Denamur, 1994); polymorphisms in laboratory 
strains of zebra fish (Johnson, Midson, Ballinger & 
Postlethwait, 1994).

Secondary aims included the comparison of the RAPD 
technique to starch gel electrophoresis, establishing if it
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is a worthwhile alternative, and to explore areas of the 
genome where previously undetected genetic variation is 
present in the wild rabbit.
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3.2 Materials and Methods

3.2.1 Sample collection
Samples were collected from sites 1 to 19 (indicated in 

figures 2.1 and 2.2), and from the same rabbits used in the 

previous chapter. Due to the constraints of time and cost, 

only 10 rabbits from each site were used. Approximately 1 to 

2 g of muscle tissue was removed from a thigh from each 

rabbit and placed in a 5 ml blood collection tube. The tubes 

were frozen at -40°C until used.

3.2.2 DNA Extraction
DNA was extracted using the following protocol.

(i) 0.2g of tissue was finely chopped with a scalpel while 

still frozen.

(ii) The tissue was placed in a 1.5 ml microfuge tube.

(iii) Steps (i) and (ii) were repeated for each rabbit, 

ensuring all equipment used was thoroughly clean between 

each sample.

(iv) To each tube, 375 ul 0.2M EDTA (ethylenediame-tetra-

acetic acid) , 0.5% sarcosyl and 25 ul 20mg ml'1

pronase, were added.

(v) The tubes were incubated for 1 hour at 60°C in a shaking 

water bath.

(vi) 400 ul of phenol (pH 8.0 equilibrated) and chloroform : 

iso-amyl alcohol (in a 24:1 ratio) in a 1:1 ratio was added

to each tube.
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(vii) The tubes were shaken vigorously for 20 seconds before 

placing on a slowly revolving rotary mixer for 10 minutes, 

(viii) The tubes were centrifuged for 10 minutes at 12,000g.

(ix) The upper aqueous phase of each tube was removed (using 

a sterile wide-bore tipped pipette for each tube) and placed 

in a clean tube.

(x) Steps (vi) to (ix) were then repeated.

(xi) 400 ul of di-ethyl ether were added to each tube, 

before placing on a slowly revolving rotary mixer for 10 

minutes.

(xii) The tubes were then centrifuged at 12,000g for 10 

minutes.

(xiii) Using a clean pipette for each tube, the upper ether 

phase was discarded from each tube, ensuring all ether was 

removed.

(xiv) Approximately an equal volume of cold 99% ethanol was 

added to the solution in each tube.

(xv) The tubes were held at -20°C for 30 minutes before 

being centrifuged at 12,00g for 20 minutes.

(xvi) The supernatant was poured off leaving a pellet of DNA 

in each tube.

(xvii) The DNA was washed .by gently pouring 70% ethanol over 

the pellet.

(xviii) The ethanol was removed by suction.

(xvix) The DNA was allowed to dry at room temperature for 5 

to 10 minutes before it was re-suspended in 50 ul of sterile 

distilled water.

(xx) The DNA was stored at -20°C until used.
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A DNA concentration of 10-25 ug/ul is desirable for the 
RAPD reaction. The concentration of the DNA extracted was 
estimated by means of comparing with standards in a spot 
test (Sambrooke, Fritsch & Maniatis, 1989). During the PCR 
experiments a working solution at this concentration was 
maintained for each sample. These solutions were stored at 
4°C.

3.2.3 Stock Solutions

(a) Phenol Preparation for DNA Extraction 
Materials required:
Phenol, water saturated, purified
8 -Hydroxyquincline
1M Tris pH 8.0 (2x volumn phenol)
0.1M Tris pH 8.0(25 ml)
0.1M Tris pH 8.0; 0.2% 2-mercaptoethanol (2x volumn phenol) 
(200 ul 2-mercaptoethanol per 100 ml Tris)
Waterbath 68°C 
Protocol.
(i) Phenol was transferred to a large glass bottle. (2.5x 
phenol vol.)
(ii) 8-hydroxyquincline was added to 0.1% (100 mg per 100 ml 
phenol) . The mixture was placed in a 68°C water bath until 
the 8-hydroxyquinoline was dissolved.
(iii) An equal volume of 1.0M Tris pH 8.0 was added. The 
mixture was shaken vigorously and then allowed to settle to 
two phases at room temperature.
(iv) The upper aqueous phase was discarded.
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(v) Steps (iii) and (iv) were repeated once more.
(vi) An equal volume of 0.1M Tris/0.2% MCE was added. The 
bottle was shaken vigorously and then allowed to settle into 
two phases.
(vii) The upper phase was discarded.
(viii) Steps (vi) and (vii) were repeated. 10 ml of the 
final discard was kept.
(ix) Using pH paper, the pH of the discard was checked. If 
the pH was not greater than 7.6 steps (vi) and (vii) were 
repeated.
(x) 10 to 20 ml of 0.1M Tris was added to equilibrate the 
phenol (pH 8.0).
(xi) The equilibrated phenol was stored at 4°C for up to one 
month if necessary.

(b) 0.2/0.5M EDTA (pH 8.0)
74.44 g (0.2M) or 186.Ig (0.5M) of disodium 

ethylenediaminetetra-acetate was added to 800 ml of 
distilled water. After vigorous stirring to dissolve, the pH 
was adjusted to 8.0 with sodium hydroxide pellets.

(c) 50x TAE Buffer
Tris acetate EDTA (TAE) buffer was made up as a 50x 

solution and diluted as required. The following ingredients 
were made up to 1 litre for a 50x stock.
(i) 242g Tris
(ii) 57.1 ml glacial acetic acid
(iii) 100 ml 0.5M EDTA
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(d) Ethidium Bromide (EtBr) lOug ml'1
1 g of EtBr was dissolved in 100ml of water, by continual 

stirring for 2 to 3 hours, to ensure the dye had fully 
dissolved. The EtBr was then stored in a container wrapped 
in tin foil (to exclude light) until required. EtBr was used 
at a 0.5 ug ml'1 .

(e) PCR Reaction Chemicals
The PCR reaction chemicals were purchased from the 

following sources;
(i) Tag Polymerase from Boehringer Mannheim
(ii) Tag lOx Buffer from Boehringer Mannheim
(iii) Magnesium Chloride (MgCl), 25mM, from Promega
(iv) dNTP, 20mM, from Pharmacia
(v) Agarose by International Bio-Technolgies Inc.

(f) Loading Dye (x6 buffer)
Loading dye was prepared in sterile double distilled water, 
and contained the following concentations of ingredients;
(i) Bromo-phenol blue, 0.25%
(ii) Xylene cyanol, 0.25%
(iii) Ficoll (type 400), 15%

3.2.4 PCR Mixture and Settings
All PCR reactions were carried out on a Techne PHC3 

thermal cycler.
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(a) PCR Mixture Used.
Each tube had a total of 25 ul of liquid,of the following

composition.
double distilled sterile water 13.8 ul
magnesium chloride 2.5 ul
lOx buffer 2.5 ul
dNTP (2mM) 2.5 ul
primer 2.5 ul
template DNA (10 - 25 ng/ul) 1.0 ul
Taq polymerase 0.2 ul

When carrying out runs with multiple samples, a cocktail 
of the above ingredients (except template DNA) was made up 
to cover the required number of pre-labelled tubes. This 
reduced the number of possible errors which may occur during 
pipetting. After the cocktail was added to each tube the 
template DNA was introduced, using a clean pipette tip for 
each sample. Each tube was inverted a few times to mix and 
briefly centrifuged (1-2 seconds), before sealing in the 
reaction mixture with mineral oil (to prevent evaporation). 
The tubes were then placed in the thermal cycler.

(b) PCR Machine Settings
The reaction was carried out under the following reguime. 

Program 1: 940C for 5 minutes
25°C for 5 minutes
72°C for 5 minutes
2 cycles, followed by



145

Program 2: 94°C for 30 seconds 
40°C for 1 minute 
72°C for 2 minutes 
40 cycles, followed by

Program 3 72°C for 10 minutes
1 cycle, then held at 5°C until removed from the 

cycler and stored.
PCR products were stored at -20°C when necessary, though 

common practice was to use approximately 6 ul of product 
from each tube to run a gel on the completion of the PCR 
run, and store the remainder for the purposes of reruns if 
required.

3.2.5 Gel Manufacture and Running Conditions
Gels were constructed in the following way;

(i) The gel mould was sealed at both ends with autoclave 
tape and placed on a level surface.
(ii) Agarose was mixed with lx TAE.
(iii) The mixture was heated to boiling in a microwave oven, 
with occasional agitation to ensure a smooth consistency of 
the gel.
(iv) When there was no trace of solid agarose left the 
mixture was allowed to cool to 55°C.
(v) EtBr was added and mixed in. EtBr will bind to DNA, and 
fluoresce in UV light, visualizing the movement of DNA on 
the gel.
(vi) The gel was poured and the combs (to make sample wells)
added.
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(vii) The gel was allowed to solidify. When cool, the 
autoclave tape and combs were removed, and the gel placed in 
the electrophoresis tank.

Three main gel and tank sizes were used. The dimensions 
were as follows;
(i) 44 Well Gel
2200 ml lx TAE + 103 ul EtBr in tank 
200 ml lx TAE + 10 ul EtBr in gel 
1.8% gel required 3.6 g agarose
(ii) 32 Well Gel
940 ml lx TAE + 45 ul EtBr in tank 
60 ml lx TAE + 3 ul EtBr in gel 
1.8% gel required 1.08 g agarose
(iii) 11 Well Gel
330 ml lx TAE + 15 ul EtBr in tank 
30 ml lx TAE + 1.5 ul EtBr in gel 
1.8% gel required 0.54 g agarose

Gels were run in submarine fashion, that is , completely 
submerged beneath the buffer. To apply a sample, 6 ul of 
sample was mixed with 1.5 ul of loading dye which aided 
pipetting the sample into the well and indicated the 
movement of the sample during electrophoresis, and pipetted 
into the well. To calculate band size, a DNA ladder was 
loaded into at least one well per row. This produces a 
series of DNA bands of known size for comparison with the 
sample bands.

A control sample was set up for each set of samples run 
from the same cocktail. This entailed placing all reagents 
in a tube with the exception of the template DNA. Double
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distilled sterile water was added in its place. After 
cycling, no amplification products should be visable. The 
presence of bands in • this lane would indicate the 
possibility of contamination in one of the reagents, and the 
results would be discounted.

Gels were run at between 50 and 100 mV until the loading 
dye had indicated sufficient movement (approximatly 1 to 2 
hours). The gels were then removed from the tank and placed 
on a UV light box for examination. Gels were photographed 
on 35mm black and white film in order to calculate band 
sizes. Photographs were taken through a Kodac Wratten 23a + 
2a filter, which blocked all light (mostly background UV) 
except the florescence of the bands.

3.2.6 Primers Used
As a preliminary experiment, two rabbit samples were run 

in conjunction with 40 different primers. These primers were 
OPERON (OPERON being a brand name) primers, in two sets, 
designated A and F. Those which gave the clearest banding 
patterns were used in the main experiment. The eight 
selected primers are listed in table 3.1.

Table 3.1: Primer sequences used in the examination of 

rabbit DNA.

Primer 5' to 3' base sequence 
A1 CAGGCCCTTC
A5 AGGGGTCTTG
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table 3.1 cont.

Primer 5' to 31 base sequence

A6 GGTCCCTGAC

A18 AGGTGACCGT

A2 0 GTTGCGATCC

F9 CCAAGCTTCC

F13 GGCTGCAGAA

F19 CCTCTAGACC

3.2.7 Nomenclature Used
Primer used and amplification products are named as 

indicated by OPERON. All primers have the prefix OP, 

followed by the kit letter (A or F in this study), e.g. OPA- 

01 is from kit A and is primer 1. Amplification products are 

denoted by the subscript suffix number indicating the base 

pair length (Paran, Kesseli & Michelmore, 1991), e.g. OPA- 

01800 indicates an 800 base pair product produced by primer 1 

in kit A.

3.2.8 Raw Data Calculations
A calibration graph was plotted for each gel using marker 

DNA (from the ladder) size versus distance moved on the gel. 

From this graph it was possible to calculate the size of the 

amplified products (bands) within each sample. It was 

necessary to draw a calibration graph for each gel row. A 

gel row was a number of samples with comparable starting 

points on a gel.
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3.2.9 Data Analysis
The data was analysed in two different ways.

(i) Genetic distances were calculated between each 
individual sampled. This was calculated after Ferguson 
(1980) ;

number of bands in common 
D = 1 - total number of bands

For this calculation all- primers were taken as one large 
(summed) fingerprint i.e. individual values were not 
calculated for each primer.

Furthermore, an average genetic distance was calculated 
for each population, for all pairwise comparisons between 
individuals of that population (intrapopulation comparison). 
This was calculated as follows;

sum genetic distance
of all pair-wise comparisons within population

number of pairwise comparisons carried out 
between those populations

Also, averages were calculated for all pairwise 
calculations between any two populations (interpopulation 
comparison).

sum genetic distance of all 
pairwise comparisons between the two populations
total number of pairwise comparisons carried out 

between those populations
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This resulted in a single average genetic distance value for 
each population comparison. Further pooled values were 
calculated as follows:
(a) Average genetic distance between population and all 

other populations (interpopulation comparison).

sum of genetic distances calculated between 
individuals of a population and all other populations

total number of pair-wise comparisons examined
(b) A single (pooled) value averaging all interpopulation 
values.

sum of all genetic distances 
between individuals of different populations

total number of comparisons

(c) A single value averaging all intrapopulation values 
were calculated.

sum of all genetic distances 
between individuals of the same population

total number of comparisons

(ii) Unrooted trees were constructed by way of a parsimony 
test carried out by the Phylip computer package 
(Felsenstein, 1993) . Data for each individual was input in 
the form of I's and 0's to indicate particular bands 
presence or absence respectively. In this way banding
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patterns of individuals were compared and results output in 
the form of an unrooted tree.

This process was carried out at least 100 times, and 
ultimately an aggregate or most parsimonious tree was 
produced. Genetic relatedness of individuals was visually 
displayed by the number of joints or nodes that lie between 
any two individuals. The most parsimonious tree is supported 
by a consensus tree which indicates at what percentage or 
probabilty a node occurs between any two individuals. This 
ranges numerically from 0 (though 0 could never represent a 
majority placement and hence will never occur) to 1 ( this 
node connnects these two individuals 100% of the time). This 
probability value gives a degree of certainty to each area 
of connection in the tree.
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3.3 Results

3.3.1 Primers Used
As indicated in section 3.2.6, eight primers were 

originally selected for use for all samples. After 
duplicate runs, two primers (F13 and F19) were discarded 
from the study as they produced inconsistent results. 
This was due to the failure of several bands, 
representing a large percentage of the fingerprint, to 
show up consistently over replicates. Within the other 
six primers, some amplification products appeared with 
varying degrees of consistency and regularity (over 
replicates of the same sample), consequently these bands 
were excluded from the study. This procedure may have 
been over-conservative and hence may have reduced the 
levels of variation detected. Nevertheless, it ensured 
that the results were more accurate.

3.3.2 Variation Discovered
The majority of products from each primer were 

consistent between individuals. A number were not, and 
these are indicated as follows. (This information is 
included in full in the appendices.)

(i) OPA-OI390: This product occurred in every individual 
from Comber, Rosslea, Parkanaur, Newtownmore and Swansea. 
It was absent from every individual in Glenwhirry,
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Ballynahinch, Dundee and Loddington and occurred in some 

individuals in Saintfield, Knockmanny, Favor Royal, 

Fintona, Necarne, Castlearchedale, Edinburgh, Yorkshire, 

Salisbury and Basingstoke.

(ii) OPA-I82150: This product occurred at the 
Basingstoke site in five from the ten individuals and at 

Castlearchedale, where it was found in a single 

individual.

(iii) OPF-O944o: This product was absent in Glenwhirry 
and present in one from ten in Ballynahinch, two from ten 

in Castlearchedale and three from ten in Dundee. At all 
other sites, it was present in all individuals.

(iv) OPF-O959o: This product was present in six of ten 
individuals in Ballynahinch and present in every 
individual in other sites.

(v) OPA-20i62o: This product was found exclusively at 
the Yorkshire site in three from ten individuals.

(vi) OPA-2O1950: This product was found exclusively at 
the Yorkshire site in two from ten individuals, though 

never in conjunction with the OPA-2O1620 fragment. Both 

OPA-20i62o and OPA-2O1950 could be used as markers for the
Yorkshire population.
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The results indicate that only the above six 
amplification products were found to be variable from the 
66 examined. This represents a low level of variation, 
and is highlighted by the fact that Glenwhirry, Comber, 
Rosslea, Parkanaur, Newtownmore, Loddington and Swansea 
showed no intrapopulation variation. Of the remaining 
sites, only Ballynahinch, Castlearchedale, Yorkshire and 
Basingstoke showed more than two phenotypes i.e. only 
these four have more than one variant product. This 
demonstrated an overall low level of variation in wild 
rabbit populations of the British Isles.

3.3.3 Genetic Distances
All individual pairwise comparisons calculated are 

included in the appendicies. Average genetic distance 
values calculated are shown in table 3.2 and once again 
reflect the low levels of variation found. Individual 
values (see appendices) range from 0 to 0.062, and this 
is reflected in a range of 0 to 0.04 between populations 
(table 3.2) . Due to the low levels of variation, 
populations contained individuals with identical RAPD 
fingerprints (resulting in individual genetic distances 
of 0), even to the point of complete similarity between 
all individuals (giving inter- and intrapopulation 
genetic distances of 0). Comber, Rosslea, Parkanaur,
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Newtownmore and Swansea show intrapopulation genetic 
distance values of 0, indicating complete similarity.

It was found that the levels of genetic distance 
between populations was greater than within populations. 
This is shown in table 3.3, where in only 1 from 19 
populations does the amount of variation within exceed 
the average level between it and other populations. In 
fact, in 15 of 19 populations the interpopulation 
distance at least doubles the intrapopulation variation, 
and in 12 of those 15, the value is at least 3 times 
higher. This trend is confirmed by the overall average 
values which show the interpopulation distance at 0.014, 
almost 3 times greater than the value for intrapopulation 
distances (0.005).

3.3.4 Parsimony Analysis
The original Phylip parsimony analysis on all 190 

individuals proved unwieldy, and therefore the number of 
data points was reduced. This was done by replacing 
identical individuals from within a population (site) 
with a single point. Consequently, when looking at the 
(most parsimonious) tree (figure 3.1), it should be 
remembered that single points represent one or more data 
items as indicated in table 3.4.

Figure 3.1 is supported further by figure 3.2 which 
shows the consensus values for each linkage point (node).
As described in section 3.2.9, the final tree was
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produced by the summation of a number of possible trees. 

This means that each node is a "best fit", that is, this 

was the optimum (occured most times) arrangement at this 

node over all sub-trees. Fig. 3.2 indicates, as a value 

between 1 and 0, how often this arrangement occured.

Figure 3.1 shows the relevant unrooted tree for the 

rabbit data. The primary point to note is that the tree 

is unbranched, indicating no particular subdivision 

within the population as a whole. However, it should be 

remembered that single points often represent multiple 

data items and a single point may represent a side 

branch. For example, the OPA-2O1950 fragment links YK1 and 
YK10, however all other fragments are shared, with the 
result that both are represented by the same point on the 
tree (YK1) . YK2 and YK4 ( YK4 represents YK4 and YK6 - 

see table 3.3) are grouped at one extreme of the tree as 

they are linked by the OPA-2O1620 fragment. This linkage 
is a strong one, as indicated by the probability of 1.0 
at that node (fig. 3.2).

However, if we consider that the weakest linkage area 
ranges from SW1 to NM1 and that these sites were shown to 

have identical genetic patterns by genetic distance 

analysis, then it can be assumed that this batch is 

strongly linked, though not in any particular order. 

Furthermore, this group contains only one mainland UK 
data point, BS2 (representing BS2, BS8 and BS9). The 
najority of the mainland UK samples grouped together.
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Firstly, the PK1 to YK3 group (containing CAS, a single 

data point representing one NI individual), totaling 26 

individuals. The CAS is grouped here largely due to the 

presence of the OPA-I82150 fragment shared with some 

Basingstoke samples. The second large mainland UK group 
occurs from DD3 to BS1 and is grouped together largely on 

the absence of the OPA-OI390 fragment combined with little 

or no other variation.

Apart from the apparent N.I./G.B. divide, and the 

large grouping of identical individuals and the smaller 
groupings of similar individuals (e.g. YK4-YK2), no 

certain evidence is present for the grouping of 

individuals from the same population (site) . This is due 

in part to the way in which the results are presented. 
The condensed form of the data utilized for the present 
analysis, makes it difficult to visualize how individuals 
from the same population would group with each other and 

with members of other populations. This issue is 

complicated further by the large number of populations 

used. To resolve this problem a sub-set of data, 

calculated originally for chapter 4, was used. The first 
4 populations only (Glenwhirry, Comber Ballynahinch and 

Saintfield)were used for parsimony analysis, 

inoorporating data for all individuals in each 

pooulation. The advantage in using these particular 4 
pooulations was two-fold.
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(ii) These 4 sites were trapped personally, each site 

occupying a small geographic area i.e. same or adjacent 

warren systems. This helped to ensure that the

individuals from any site were of one breeding

population, thereby reducing the chances of a Wahlund 
effect occurring.

(ii) This data had to be examined for use in chapter 4.

The data from these 4 populations is represented in 

figures 3.3 and 3.4 as the UPGMA unrooted tree and

consensus tree respectively. The most notable feature of 
fig 3.3 is the branching arrangement at the GW/BH end. 

One branch contains 9 of the 10 GW samples, and 

represents a group of individuals linked by identical 
genetic patterns. This similarity is demonstrated further 
by the close proximity of the remaining GW1 and 5 
identical BH individuals on the adjoining branch.

It is worth noting at this point that BH8, which is
also considered identical in the original data set 

(appendix 2), is not grouped with the GW and similar BH 
samples as it contains a number of unknowns (unknowns are 

missing data points where data was not obtained for a 
particular primer/sample). This produces an artifact 

result, which also occurs at the other end of the tree 

amongst CB (Comber) samples i.e. amongst the Comber 

samples some branching occurs, not due to detected 
variation but due to gaps in the data.
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The 3 BH samples (2,5 and 7) which do not group with 

the majority of BH samples are grouped together. This is 

based on the absence of the OPF-O9590 which the other BH 

and GW samples contain. The final Ballynahinch sample, 

BH4, which contains the OPF-O9440 (unlike any other BH 

sample) but not the OPF-O959o, and is linked with SF1 and 
SF2 on the basis of the shared OPF-O9440 (though all SF 

contains OPF-O9590) and these 2 SF samples may be 
considered separate from other SF samples as they omit 

the OPA-OI390 fragment. This SF1, SF2 and BH4 area may be 
considered an intermediary area between the identical SF 

(3-10) and GW/BH groupings.

Comber's (CB) isolation at the other end of the tree 
demonstrates two points;
(i) The complete similarity of all individuals (apart 

from unknowns) groups them together.

(ii) CB samples differ (by the presence of two products, 

OPA-OI390 and OPF-O9440) from the GW/BH grouping but do not 
differ at all from the SF 3-10 group. Hence are placed at 
this end of the tree.

The strong probability values over most of the tree 

gives a large degree of confidence in its shape and 

structure. The only weak area, with a number of 

probabilities at 0.3, lies in the large GW/BH group which 

is known to contain identical individuals. Therefore, it 
may be assumed that alternative arrangements occur within 

this area, rather than displace individuals out of it.
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In summary, there are several points to be made on the 

basis of the results:

(i) The detected variation was low (6 from 66 products 

variable) .

(ii) This in turn helped to lower genetic distance 

values .

(iii) Variation which did occur helped to differentiate 

populations, to the point of identifying two genetic 

markers for the Yorkshire population.

(iv) There was some evidence for a G.B./N.I. split in 
genetic similarity.

(v) Figures 3.3 and 3.4 provide evidence to state that 

individuals from the same population group together 
preferentially, and reinforce the genetic distance 
inference that most variation is between rather than
within populations.
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Table 3.3: Average generic distances calculated within 
populations, and between a population and individuals 
from all other populations.

Average Genetic 
Distance (D) 

Within Population

Average Genetic 
Distance(D)

With Other Populations
GLENWHIRRY 0.000 0.023
COMBER 0.000 0.011

BALLYNAHINCH 0.010 0.027
SAINTFIELD 0.005 0.012
ROSSLEA 0.000 0.010

KNOCKMANNY 0.004 0.013
FAVOR ROYAL 0.005 0.012
FINTONA 0.008 0.012
NECARNE 0.002 0.011

CAS TLEARCHDALE 0.015 0.022
PARKANAUR 0.000 0.010

NEWTOWNMORE 0.000 0.010
DUNDEE 0.003 0.018

EDINBURGH 0.003 0.010
YORKSHIRE 0.018 0.011
SALISBURY 0.003 0.012

BASINGSTOKE 0.015 0.019
LODDINGTON 0.000 0.014
SWANSEA 0.000 0.009

Pooled Data 0.005 0.015
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Table 3.4: Key no
J . b. .

Information Given on Figures 3.1 and

Population Datum Point RepresentsGlenwhirry GW1 GW1 - GW10Comber CB1 CBI - CB10
Ballynahinch BH1 BH1,3, 6,8,9

BH2 Bh4,5,7
BH4 BK4

Saintfieid SF1 SF1 and SF2
SF3 SF3 - SF10

Rosslea RL1 RL1 - RL10Knockmanny KM1 KM1, 3, 6, 7, 8
KM2 KM2,4,5,9,10Favor Royal FR1 FR1 and FR7
FR2 FR2,3, 4,5, 6, 8,9, 10Fintona FN1 FN1, 6, 7, 9
FN2 FN2,3, 4,5, 8, 10Necarne NCI NCI ,2,3,4,5,6,7,8,10
NC9 NC9

Castlearchdale CA1 CA1,3,4,9
CA2 CA2
CAS CAS
CA6 CA6
CA7 CA7
CAS CAS
CA10 CA10

Parkanaur PK1 PK1 - PK10
Newtownmore NM1 NM1 - NM10

Dundee DD1 DD1,2, 6, 7, 8,9, 10
DD3 DD3,4,5

Edinburgh EDI EDI,6,9
ED2 ED2, 3,4,5, 7,8, 10

Yorkshire YK1 YK1 and YK10
YK2 YK2
YK3 YK3 and YK9
YK4 YK4 and YK6
YK5 YK5,7,8

Salisbury SB1 SB1,3,4,5,6,7,8,10
SB2 SB2 and SB9

Basingstoke BS1 3S1
BSE BS2,8,9,10
BS3 BS3, 4,o,7
BS5 3S5

Swansea SW1 5W1 - SW10
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Figure 3.1: Best fit (from 100 + ) parsimony tree 
generated by the Phylip package, demonstrating the 
genetic distance between rabbit groups, (note table 3.1)
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r^ft9 w3'2' Concencus tree generated by the Phylip 
pac age, demonstrating the probability of any node 
occurxng m the tree of best fit (fig 3.1)
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Figure 3.3: Best fit (from 100 + ) parsimony tree 
generated by the Phylip package, demonstrating the 
genetic distance between individual rabbits from the 
populations, Glenwhirry, Saintfield, Comber and 
Ballynahinch.



Figure 3.4: Consensus tree generated by the Phylip 
package, demonstrating the probability of any node 
occuring in the tree of best fit (fig 3.3)
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3.4 DISCUSSION

3.4.1 Problems Encountered With the RAPD and Associated 
Techniques.

(i) Inconsistency of banding pattern.
As mentioned previously, inconsistent banding patterns 

led to the discarding of two primers from the rabbit 

study. It was noted also that even with the primers used, 

there were occasional inconsistent products. When they 

did occur they were faint. They are considered to be the 

result of imperfect primer-template binding at a site
similar to the recognition site. This may have occurred 
during optimum running conditions accepting that 
conditions may have varied slightly (see later in this

section).
On some occasions bands were ill-defined and appeared 

as almost two bands. This may have occurred where two

RAPD products were of very similar size. In such cases 
only one band was recorded. This phenomenon may also have 

led to an underestimation of the level of variation, i.e. 

where two products are the same size it would require the 

loss of both to be noticed as a variant.

(ii) Shortcomings of the RAPD method.
Apart from the problem of co-migrating bands, it would be 

impossible to assign any particular product to a locus

without pedigree analysis (Lynch & Milligan, 1994). In
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the current study this limited analysis to the basic 

genetic distance calculation (Ferguson, 1980) and the 

parsimony tests used. In addition, if dominance occurs 

between RAPD products and a recessive product is not 

amplified, genetic distances may be over- or 

underestimated as no product will result from the 

recessive gene in the heterozygote (Lynch & Milligan, 

1994) . For example, products OPA-20i62o and OPA-2O1950 did 
not occur in the same individual in Yorkshire (the only 

site where either product occurred). It is impossible to 

say whether the two poducts were the result of the same 

locus or indeed whether they were appearing in homozygote 
or heterozygote forms.

(iii) Sources of error and run failure.
The RAPD technique is a very sensitive process. 

Contents of a reaction tube are calculated to give exact 

concentrations. This leaves very little tolerance for 
error, and on occasions it was possible that errors may 

have caused reaction failure. As noted earlier the mixing 

of a cocktail of reagents helped reduce pipetting, hence 

reducing the chance of error. This practice also enabled 
larger amounts to be pippetted at once increasing the 

safe margin of error.

It was also noted that high laboratory temperatures 
during summer could also affect detrimentally the 

thermocycling process, leading to run failure.
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Contamination was a potential danger at almost every 

part of the process. Precautions were taken during DNA 

extraction to prevent cross-contamination (section 

3.2.2) . During the mixing of the cocktail, good 

laboratory practice was maintained including use of 

laboratory coat and gloves, clean sterile tubes left 

closed or covered before and after use, and the use of a 

sterile pipette tip for each pipetting action. These 

procedures should have lowered the chances of 

contamination to a minimum.

The only area of concern occurred on occasions 
products appeared in the control column of a gel. This 
may be explained in two ways;

(a) Primer/primer dimers may have produced low molecular 
weight bands.
(b) Low levels of DNA contamination may have occured. 
Though every precaution was taken against contamination, 

and it is unlikely that a contaminent would consist of
DNA, it should not be discounted that it could occur.
However, even if small amounts of DNA did find its way

into the reaction, it is likely that tubes with the
superior quantity and quality template DNA , would mask

the rogue DNA.

In the event that contamination was not mas ked,

products in the blank were recored according to mobility, 
and corresponding bands from the sample reactions removed 
from the study. In practice this was not necessary.
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3.4.2 Comparisons with Past Studies
Due to the comparatively recent development of the 

RAPD technique , there are few studies available for

comparison, unlike starch gel electrophoresis.

Furthermore, a major application of the RAPD technique

has been in gene mapping which is irrelevant to the

current study. The other major RAPD application, that of 

strain or species identification is comparative to the 

current study. Unfortunately past work on mammals is 

rare, and there would be little point comparing rabbit 

variation to that of plant species (Chalmers et al., 

1993; Tanhuanpaa et al., 1993; Russel et al., 1993; 

Ruskortekaas et al., 1994) or non-mammal animal species 

(Gewel & Bartlett, 1993: Johnson et al., 1994) .

Of those studies that do concentrate on mammals, mouse 

studies (Welsh et al. , 1990) found genetic markers which
identified laboratory mouse strains. This information, 

together with breeding experiments, allowed the 

experimenters to map these markers on the mouse genome. 

Once again, this application of the technique moves away 

from that of the current study. A study on 16 dog breeds 

using 6 primers found 14% of the products to be 

polymorphic (Rothuizen & Van Wolferen, 1994), a figure 

higher than that found in the current rabbit study. 
However, when beagles were examined on their own (n=42)
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only 10% of the products were polymorphic, a figure

similar to the present study (9%) .

The RAPD technique has been used in this study to gain 

further insight into population variation from natural 

populations than was achieved by starch gel

electrophoresis. For this reason the study must be 

examined on its own, and compared with the current starch 

gel electrophoresis study.

3.4.3 Level and Manner of Variation
It is not straightforward to compare the levels of

variation found using the two techniques. Different 
comparisons of levels of variation can be made with 

starch gel electrophoresis data, depending on how the 
RAPD data is examined. For example, it has already been 

stated that only 6 of a possible 66 products were
variable, but 6 polymorphisms were discovered using 6 
primers. For the protein data, 5 of 32 loci were

polymorphic, or 5 loci were polymorphic from 20 tested 

enzyme systems. However it must be remembered:

(i) Whereas the level of RAPD variation was probably
underestimated, the level of protein variation was, if 

anything, overestimated. The Ldh banding pattern was 

attributed to two loci (due to the chance of interlocus

products) rather than the 5 accepted in other animals 
(Harris & Hopkinson, 1982) . Three extra loci would have
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raised the monomorphic locus level and reduced average 

heterozygosity and the proportion of polymorphic loci.

(ii) More individuals were tested for protein variation, 

both in terms of sites sampled and numbers collected. 

This would have lowered the chance of finding rare 

polymorphisms in the RAPD analysis.

The starch gel electrophoresis data showed two loci 

(Mpi-2 and Sod-1) variable across most populations. This 

is mirrored by the OPA-OI390 amplification product which 

occurred to varying proportions in most populations 
across the sample area. A range of variation on a lesser 

scale was demonstrated by the OPF-O9440 product. The other 
4 polymorphic fragments occurred in only one or two 
populations each. Therefore, it could be said that the 
pattern of variation for the variant products mirrors 
that of variant isozymes in terms of distribution 
structure. Yet, if we examine sites which were shown to 

be highly variable by either method (that is by the 

inclusion of rare polymorphisms), there is no 

correlation. For example during RAPD analysis Yorkshire 

demonstrated two unique fragments (OPA-2O1620 and OPA- 
2O1950) , but during starch gel electrophoresis it proved 

unexceptional (polymorphic for Sod-1 and Mpi-2, like many 

other populations). Conversely Edinburgh, which was 

variable at the Icd-2 locus (the only population that 

v/as), was found variable only at the commonly variable 
OPA-OI390 fragment in RAPD analysis. Therefore, the
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combined results do not imply that any particular 
population is genetically distinct. Further evidence is 

gained by comparing the dendrograms of chapter 2 to fig 

3.1 and 3.3, demonstrating no duplication in the 

arrangement of populations' genetic similarities to each 

other. Although the RAPD data is individually based, the 

individuals of a population often cluster together on the 

tree, especially on fig. 3.3. Edinburgh samples were not 

side branched off in fig 3.1 to indicating no large 

genetic distance from other populations, as was indicated 
from the dendrograms of chapter 2.

3.4.4 Patterns of Geographic Distance and Genetic 
Distance.

As mentioned in the results section (3.3) there 
appears to be a G.B/N.I. split, in that samples from G.B. 
tend to group together. Examining the basis for this 
clustering, it may be seen that the YK5 - LD1 group has a 

predominant OPA-OI390 absence which separates it from the 
SW1 - NM1 group. The second large group (DD3 - BS1) 

clusters on the basis of the OPF-O9390 presence. The low 
level of variation makes the clustering weak, and this 

may point to original founder effects altered by genetic 
bottlenecks in the G.B. population of wild rabbit. It is 

also worth considering the G.B. samples which do cluster 

with the N.I samples. These include Dundee, DD1 
(clustering with Ballynahinch and Castlearchdale on the
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basis of containing the OPF-O9440 product), and may 

provide a pointer that rabbits may have been introduced 

to these areas from Scotland, perhaps in an attempt to 

introduce myxomatosis to Ireland. Of course, this claim 

can not be substantiated by litirary evidence, as the 

practice was illegal.

3.4.5 Implications for Rabbit Movement
Apart from the slight G.B./N.I. split and the 

aforementioned possible N. Ireland/Scotland link, the are 

no other obvious geographical patterns to the clustering 
arrangement expressed in fig 3.1. Table 3.3's genetic 
distance calculations indicate there is a greater level 

of inter- rather than intrapopulation variation. This 
pattern is expressed across the majority of populations, 
as noted in section 3.3.3. The pattern is typified by the 

overall averages, which state that the average 
intrapopulation variation is 0.005 compared to an 
interpopulation variation of 0.014 (table 3.3).

Figure 3.3 adds further supports to the theory that 

the variation which does occur, does so predominently 

among rather than within populations. This implies the 

population as a whole is subdivided and there is little 
gene flow amongst populations, which in turn indicates 

there is little or no movement between examined 
populations. This is best illustrated in figure 3.3 where 

the individuals examined group with members of their own
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population, and the genetic distances calculated do not 

correlate with geographical distance. This supports the 

findings of the previous chapter and the implications of 

this for rabbit management will be examined in chapter 5.



Chapter 4:

RAPD Analysis of the Rabbit Flea.
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4.1 Introduction

4.1.1 Origin of Fleas
Fleas originated at least fifty million years ago, and 

are thought to have evolved from free-living, scavenging 
flies. The flea shows several adaptations to life as a 
parasite. To aid mobility over the host, the flea has lost 
wings, and acquired the ability to leap, facilitated by 
powerful hind legs (Rothschild, 1965). Fleas are adapted to 
host finding and respond to a number of stimuli from their 
host including odour, noise, temperature, air currents and 
chemical stimuli. It was shown, that when 270 marked rabbit 
fleas {Spilopsyllus cuniculi) were released at intervals in

a 2,000 yd'1 meadow (0.165 Ha), 45% of them were recovered 
from 3 rabbits within 3 days (Mead-Briggs, 1964) .

4.1.2 Life-History of the Rabbit Flea
The breeding cycle of the rabbit flea is inextricably 

linked to the rabbit because of the dependence of the flea 
on the sex hormone cycle of the female rabbit. Generally 
rabbit fleas will settle in a rabbit's ears where they 
remain with their mouthparts fixed in the host's flesh. 
Fleas on the female rabbit come under the influence of the 
rabbit's physiology even prior to mating (Rothschild, 1965). 
Before and during mating, the rabbit's ears increase in 
temperature, causing an increase in activity of the fleas in



179

the form of vigorous leaping to and fro. This may facilitate 
exchange of fleas between hosts. In the female rabbit 
ovulation follows coitus, causing sex hormone release from 
the pituitary. These in turn target other organs such as the 
ovaries and adrenal glands, causing more hormone release. 
These hormones (adrenocorticotrophic, cortisol and 
cortisone) aid complete ovarian maturation in the feeding 
female fleas. A secondary effect is that the fleas attach 
more firmly to the host, and therefore do not tend to leave 
a pregnant female. This leads to a heavier build-up of fleas 
on pregnant females. The increase in the rabbit's 
corticosteroid levels causes the flea's salivary glands to 
double in size, and the rate of defecation increases five 
fold to the point where the fleas are passing semi-digested 
blood (Rothschild, 1965) . This is later fed on by the 
larvae, which require the iron source to harden their outer 
cuticle.

As described earlier, an increase in the rabbit's sex 
hormones encourages the fleas to attach more tightly. 
However a large increase in these hormones (associated with 
the female rabbit giving birth) has the opposite effect. The 
fleas detach from the mother and move onto the new-born 
kittens via the mother's nose. Also, the flea's eggs mature 
in time for fertilization on the day the young rabbits are 
born. Flea copulation itself is thought to be initiated by 
the growth hormone somatotrophin, which is present at high 
levels in young rabbits.
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4.1.3 Movement of Fleas Between Hosts
Even though the rabbit flea is semi-sedentary, there is 

considerable exchange of fleas between rabbits that come 
into contact with each other. This may occur in the burrow 
or particularly when rabbits mate. Even rabbits sharing 
common territory can potentially exchange fleas. Any given 
rabbit population will have a corresponding flea population, 
and as fleas move between individual rabbits within a 
population this will result in a general flea population 
rather than a number of discrete populations, one on each 
rabbit. Fleas may be passed between rabbits during mating or 
fighting. Outbreaks of myxoma, which depends on fleas to 
spread the disease in Britain, provides proof that such flea 
movements do occur.

At this point it is worth noting that the rabbit flea is 
virtually host specific, though it has been found on rabbit 
predators such as the fox (Vulpes wipes), stoat (Mustela

erminea), and the semi-feral domestic cat {Fells catus), as

well as both the brown hare {Lepus europaeus) and mountain

hare {Lepus timidus), (Hopkins & Rothschild, 1953; Emit

1957; Rothschild, 1961, Beaucournu, 1973).
In the autumn of 1961, Rothschild (1963) noted an 

increased rabbit flea infestation on brown hares in an area 
in England) where post-myxoma rabbit numbers were low, and 
concluded that the brown hare had become an alternative, not
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incidental host of the rabbit flea. It has also been 
discovered that one third of all Scottish mountain hares 
{Lepus timidus scoticus) can be infested at a rate of 2.2

fleas per hare, but at a time of the year when rabbits have 
a high flea infestation (Mead-Briggs, 1977).

4.1.4 Examining Genetic Variation in the Flea
Examination of genetic variation in the flea, may provide 

evidence to indicate movement of fleas between rabbit 
populations. As rabbit fleas are only rarely carried by 
other hosts this will in turn indicate the rabbit movements. 
Indeed, the flea may provide more population genetic markers 
than the rabbit itself. This is due to the fact that fleas 
infest rabbits in large numbers (estimated at 135 fleas per 
rabbit by Mead-Briggs, 1961,1963), hence reducing founder 
effects and bottle-necks which the rabbit population has 
undergone.

The aim of this experiment was to examine the genetic 
variation among and between flea populations. This 
information would then be used in conjunction with rabbit 
data to acess the extent of rabbit movement. A secondary aim 
was to compare the level and patterns of genetic variation 
between the rabbit and the flea using the same technique.
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4.2 Methods and Materials

4.2.1 Sample collection
Fleas were taken from rabbits collected at four sites, 

Glenwhirry, Comber, Saintfield and Ballynahinch, labelled 1 
to 4 in this thesis (site location indicated in table 2.1).

After the rabbits were sacrificed, they were bagged 
individually and returned to the laboratory, as indicated in 
2.2.1. Each rabbit was removed from the catch-bag on a white 
surface, where the fleas were shaken and groomed from the 
rabbit's coat. Particular attention was paid to the ears 
and face, where the fleas tended to accumulate. The fleas 
from each rabbit were placed in a 5 ml blood sample tube and 
frozen at -40°C until they were used for DNA extraction.

It was assumed that all fleas taken from any particular 
rabbit were of the species Spilopsyllus cuniculi, the
European rabbit flea. This may be assumed with some safety 
as only 0.06% of a wild rabbit's flea burden has been found 
to be of another species (Mead-Briggs, 1961, 1963) . No 
attempt was made to quantify the flea burden of the rabbits 
as the sacrificing technique would have caused many to have 
been lost. Unfortunately, fleas could not be collected from 
rabbits which had been shot, as the rabbits were 
subsequently stored at -20°C in large batches. By the time 
the rabbits were collected for tissue sampling, the fleas 
had evacuated the dead host, and any left were often covered
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in rabbit blood. This would have prevented the collection of 
a pure sample of flea DNA.

4.2.2 DNA Extraction

DNA was extracted from 10 fleas per population according 
to the following protocolJ
(i) Fleas were added individually to 1.5 ml microfuge 
tubes, before adding approximately 0.75ml of liquid 
nitrogen.
(ii) Before the liquid nitrogen had completely evaporated 
each flea was crushed with a sterile plastic rod.
(iii) To each tube 375 ul 0.2M EDTA (ethylenediamine-tetra- 
acetic acid), 0.5% sarcosyl and 25ul 20mg ml'1 pronase, 
were added.
(iv) The tubes were incubated for 3 hours at 37°C in a 
shaking waterbath.
(v) 400 ul of phenol (pH 8.0 equilibrated) and 
chloroform:isoamyl alcohol (ratio 24:1), at a 1:1 ratio, 
were added to each tube.
(vi) The tubes were shaken vigorously for 20 seconds before 
being rotated slowly for 10 minutes on a rotary mixer.
(vii) The tubes were centrifuged for 10 minutes at 12,000g. 
(viii) The upper aqueous layer was removed using a wide-bore 
pipette (3mm), and placed in clean tubes.
(ix) Steps (v) to (viii) were then repeated.
(x) 400 ul of di-ethyl ether was added to each tube, before 
rotating for 10 minutes on a rotary mixer.
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(xi) The tubes were centrifuged at 12,000g for 10 minutes.
(xii) The upper ether layer was drawn off and discarded, 
(xiii) Approximately 2 volumes of cold 99% ethanol was added 
to each tube.
(xiv) After inverting each tube several times, they were 
held at -20°C for 30 minutes.
(xv) The tubes were centrifuged at 12,000 g for 20 minutes 
after which the supernatent was discarded.
(xvi) This left a thin streak (barely visible with the naked 
eye) of DNA on the side wall of each tube, which was washed 
by pouring 70% ethanol over each one.
(xvii) The 70 % ethanol was removed by aspiration, after
which the DNA was left to dry for 5 to 10 minutes at room 
temperature.
(xviii) The DNA was re-suspended in 25 ul of sterile 
distilled water.
It was found that the DNA extracted from fleas in this 
manner required no dilution before being applied to the PCR 
reaction.

*NB Many of the techniques used in this chapter are as in 
the previous chapter. Therefore, headings and differences 
only are noted from here on. Otherwise refer to the previous 
chapter's methods and materials.
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4.2.3 Stock Solutions
as section 3.2.3

4.2.4 PCR Mixture and Setting
as section 3.2.4

4.2.5 Gel Manufacture and Running Conditions
as section 3.2.5

4.2.6 Primers Used
Two flea samples were run in conjunction with 20 different 

primers (OPERON F series). The primers giving the clearest 
banding patterns were used in the main experiment.

4.2.7 Nomenclature Used
as section 3.2.7

4.2.8 Raw Data Calculation
as section 3.2.8

4.2.9 Data Analysis
as section 3.2.9
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4.3 Results

4.3.1 Primers Used
The four primers, OPF-05, OPF-IO, OPF-16 and OPF-19 

(these primers gave the best resolution of products) were 

used in conjunction with each of the 4 flea populations. 

As with the rabbit RAPD's only replicatable products were 

included in the results. However, the flea RAPD patterns 

were more consistent than those of the rabbits'. Only in 

the case of the OPF-IO primer were products excluded.

4.3.2 Variation Discovered
In general, not as many products were produced by each 

primer in the flea study as were amplified in the rabbit 
study. This data is summarized in the appendicies. Only a 

total of 19 products were amplified, 4 of which were 
polymorphic. These occurred in the following manner:

(i) OPF-19485; this product was polymorphic in the 

Glenwhirry, Saintfield and Ballynahinch populations, but 

completely absent from the Comber population. The highest 
ratio of occurrence, happened in Saintfield where it was 
found in 7 from 9 samples. In both Glenwhirry and 

Ballynahinch the ratio was much lower at 2 from 8 and 1 

from 7 respectively.
(ii) OPF-19660; This product occurred at a low frequency 

in the Saintfield and Ballynahinch populations, at only 1
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from 9 and 1 from 7 respectively. This contrasted with 

the higher ratios found in Glenwhirry (3 from 8) and 

Comber (4 from 9) . The OPF-1 9485 and OPF-1 9660 products 
occurred independantly of each other.

(iii) OPF-O5390; This product occurred in all individuals 
in both the Comber and Ballynahinch populations, but only 

at 5 from 8 individuals in Glenwhirry and 3 from 9 
individuals in Saintfield.

(vi) OPF-O5g4o; This product was completely absent from 

the Comber population and present in every Saintfield 

individual. Glenwhirry and Ballynahinch exhibited 
frequencies of 2 from 8 and 4 from 7 respectively. The 

OPF-O5390 and OPF-05840 products occurred independently of 
each other.

4.3.3 Genetic Distances
Genetic distances calculated between each pair of 

individuals used are presented in the appendicies. 

Furthermore, average genetic distances were calculated 
between populations and these are presented in table 4.2. 

From the appendix a genetic distance range of 0 to 0.21 
was demonstrated between individuals. In general, less of 

this variation occurred within than between populations. 

This is demonstrated in the average genetic distance 

tables 4.2 and 4.3. Intrapopulation distance ranged from 
0.033 to 0.115 with pooled data averaging at 0.067. This 

was less than the pooled value of 0.104 for
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interpopulation distance. The populations were analysed 

individually as follows:

(i) Glenwhirry: Genetic distance values indicated a 

large level of variation within this population (appendix 

3) . The individuals GW3 and GW10, gave a genetic distance 

of 0.21, which equates to a difference of 4 amplification 

products. These high genetic distance values between 

individuals from this population are reflected in the 

highest average intrapopulation genetic distance of 0.115 

(table 4.2).
Furthermore, the highest genetic distance values with 

other populations were in conjunction with the Saintfield

population. where large numbers of 0.21 values were

recorded. This resulted in Glenwhirry showing the
greatest average genetic distance of 0.122 with

Saintfield, compared to 0.094 with both Comber and
Ballynahinch.

(ii) Comber: As only one product (OPF-lOeeo) was found to 
be variable in the Comber population subsequent 
intrapopulation genetic distance values were low, ranging 

from 0 to 0.06. Consequently the average intrapopulation 

genetic distance (0.033) was the lowest recorded within 
this flea study. Larger genetic distances were apparent 

with individuals from other populations, particularly the 

Saintfield population where values of 0.17 and 0.21 were
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not uncommon. This was reflected in the highest average 

interpopulation genetic distance of 0.16. Comber and 

Ballynahinch represented the genetically closest pair of 

populations with the smallest average interpopulation 

genetic distance value of 0.068. However, overall from 

table 4.3 it can be seen that Comber exhibits the largest 

difference between intra- and interpopulation genetic 

distances with values of 0.033 and 0.111 respectively. 

This may indicate a genetic isolation of this population.

(iii) Saintfield: Intrapopulation genetic distances 

values were lowered by the fact that individuals 1,3,6 
and 9 were identical, as were 2, 7 and 8. This resulted 

in an average intrapopulation genetic distance of 0.063, 
similar to the overall pooled value of 0.067 (table 4.3). 
However, average genetic distance values calculated with 
other populations were comparatively high , being 0.122 
(Glenwhirry), 0.16 (Comber) and 0.103 (Ballynahinch). As 

noted earlier, the Saintfield/Comber value of 0.16 was 

the highest of the study.However, even 0.122 (Glenwhirry 
/Saintfield) and 0.103 (Saintfield/Ballynahinch) were 

high compared to the intrapopulation value of 0.063. This 
again demonstrated a certain degree of genetic isolation 

cf this population.

(iv) Ballynahinch: Genetic distance values between 
individuals within the population (0 to 0.11) were lower 

than those calculated with members of other populations
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(0 to 0.21) . This was demonstrated further by average 

intra- and interpopulation genetic values of 0.065 and 

0.088 (pooled) respectively.

Overall, the higher intrapopulation genetic distances 

compared to interpopulation genetic distances suggest a 

degree of genetic isolation between the populations 

examined. This was demonstrated stronly in the Comber and 

Saintfield populations, and to a lesser extent the 

Ballynahinch population.

4.3.4 Parsimony Analysis
Figures 4.1 and 4.2 indicate the UMPGA and consensus 

trees for the parsimony analysis carried out on the flea 
data. These figures raise a number of points:

(i) Figure 4.1 contains two adjacent branches which 
contain 5 of the 9 Saintfield samples. A further three 

Saintfield samples are located next to the branches with 

a final one a further three nodes away. This close 

grouping indicates Saintfield to be genetically distinct 
from the other populations.

(ii) The Ballynahinch samples show less preferential 

grouping with each other. The seven samples are split 

over 4 groups, spread over the entire length of the tree. 
However, 5 of the seven are grouped in the proximity of 

the Comber batch containing CB1, CB2, CB4, CBS and CB7 .
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This demonstrates a loose population cluster, but also 

underlines the closeness of the average intra- and 

interpopulation values for this population. That is, 

individuals within the Ballynahinch population are almost 

as genetically distant to members of their own population 

as they are to members of other populations.

(iii) Individuals from the Glenwhirry population were 

spread over the tree. This demonstrates the high level of 

variation within the population, that is, the Glenwhirry 

individuals are often genetically closer to members of 

other populations than they are to ones in their own. 

This was demonstrated by an average intrapopulation 
genetic distance of 0.115 compared to an average 
interpopulation value of 0.104 (table 4.3).

(iv) The Comber population clusters in two groups, one

at either end of the tree. These groups are

distinguished by the presence or absence of the OPF-19660 

product.

(v) The probability values in figure 4.2 indicated a

high level of confidence in the tree's structure. The 

only weak region lies in the GlenwhirrylO

BallynahinchlO area. In this region probability values of 

0.4 were recorded. However, these individuals are known
to be identical from genetic distance calculations.
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Therefore, any alternative arrangement would still 

cluster these individuals together but perhaps in a 

different order or possibly displacing the whole group.

In general, individuals from the Comber and Saintfield 

populations clustered with members of their own 

populations. This trend was not present in the Glenwhirry 

or Ballynahinch populations whose individuals were spread 

across the tree (fig 4.1).
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Table 4.2: Average genetic distances 
populations. ated between

Population GW CB SF BH
Glenwhirry (GW) 0.115 ■k ■k *
Comber (CB) 0.094 0.033 k k

Samtfield (SF) 0.122 0.160 0.063 k

Ballynahinch (BH) 0.094 0.068 0.103 0.065

Table 4.3: Average genetic distances within populations 
and, between populations and members of ail other 
populations.

POPULATION
Glenwhirry
Comber

Samtfield
Ballynahinch

average intra-
population genetic 

distance
0.115

0.033 

0.063 

0.065

average inter-
population genetic 

distance
0.104

0.111 
0.12 0 
0.08 8

Pooled 0.0 67 A 104
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Figure 4.1: Best fit (from 100+) parsimony tree 
generated by the Phylip package, demonstrating the 
genetic distance between individual fleas from the 
populations, Glenwhirry, Saintfield, Comber and 
Ballynahinch.



BH1G

SF1 SF3



Fig. 4.2: Concensus tree generated by Phyitp package, 
demonstrating the probability of any node cccuring in the 
tree of best fit (fig 4.1).

GW = Glenwhirry 
CB = Comber 
SF = Saintfield 
BH = Ballynahinch
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4.4 Discussion

4.4.1 Problems Encountered
All technical problems associated with the RAPD 

technique have already been discussed in the previous 

chapter (section 3.3.1). The only other major problem, 

was that of access to samples. In practice, only fleas 

from trapped rabbits could be collected, as the 

experimenter was not present at shootings, and fleas 
evacuate the dead host quickly. This limited the number 

of flea sites which were available.
As flea infestation of rabbits was high, there was no 

problem in obtaining enough fleas from the trapped sites. 

The only flea loss occurred during flea capture and 
sacrificing, though, due to the large number of rabbits 
and hence fleas captured, this was not a problem.

4.4.2 Comparisons With Past Studies
As discussed in section 3.4.2, The RAPD technique is a 

new technique and therefore, there is no depth of 

information available from past studies as there is with 
starch gel electrophoresis. Also, applications such as 

gene mapping are irrelevant to the current study.

One study used the RAPD technique to demonstrate DNA 
differences between two biotypes of the sweetpotato 

whitefly, Bemisia tabaci (Gennadius), a major U.S.A
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agricultural pest (Gawel & Bartlett, 1993) . These two 

biotypes are morphologically indistinguishable, but 

differ over a number of other characteristics, such as 

egg production and pathogen transmission. RAPD analysis 

highlighted large DNA differences, using 20 primers. Of 

254 bands scored only 15 were common to both biotypes, 

contrasting to 15 from 19 (consistent over all

populations) in the current study. This large difference 

in whitefly biotypes suggested that they were different 

species. Intrapopulation genetic similarities (1 
genetic distance) of biotypes A and B were 0.999 and 

0.991, representing considerably lower levels of 

variation found within either species than was found in 
the European rabbit flea.

A RAPD study on Eimeria media, a gut parasite of the 

European rabbit, discovered 80% of the amplification 
products to be consistent within all individuals tested 

(Cere, Licois & Humbert, 1995). This represents a similar 
value to that found in the rabbit flea. Another 

invertebrate RAPD study examined the genetic variation 

present in Nicrophorus americanus, an endangered beetle 

species of the central and eastern United States of 

America (Kozol, Trancillo & Williams, 1994). Studying 

only two populations (one mid-west and the other an east 

coast island), using 52 individuals very little genetic 
variation was discovered. Of the 9 analysed primers only 

2 showed significantly different patterns between
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populations, and no genetic markers were discovered to 

distinguish the populations. It is also worth noting that 

in this study 4 primers were discarded due to non- 

replicatable results. This problem of finding genetic 

markers was overcome in a fruit fly study (Haymer & 

Mclnnis, 1994), where 3 of the 22 primers studied 

provided genetic markers. This was achived by looking at 

three widely distributed populations, from Isreal, 

Argentina and Hawaii.

These invertebrate studies indicate how difficult it 

is to isolate genetic markers using the RAPD technique 

when looking for variation within a species. This is 

particularly difficult when studing a species over a 

small geographical range. Levels of variation reported in 

these studies are similar to that of the present study.

Though only half of the primers used in the flea study 

identified variation (compared with 4 from 6 in rabbit 

study), 4 of the 19 fragments amplified were variable. 

This was a considerably higher ratio than the 1 from 11 

found in rabbits. The manner in which the variation 

occured also differed. In the rabbit study only 2 of 6 

polymorphic fragments were widely variable, whereas all 4 

flea polymorphisms were found in at least half the 

populations. This may indicate that the flea populations 

have maintained their levels of genetic variation where

the rabbits have suffered a reduction.
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Consequently, both the pooled values for average 

intra- and interpopulation genetic distance were greater 

than comparative rabbit values, at 0.067 and 0.104 

respectively, compared to 0.005 and 0.015 respectively. 

This indicates the achievement of an aim of this thesis. 

That is, to overcome the problem of low levels of genetic 

variation found in rabbits by examining an associated 

organism, the rabbit flea.

4.4.3 Genetic Variation Discovered
As mentioned in the previous section, the level of 

variation found in the rabbit flea was greater than that 

found in the rabbit. This may have occurred for 2 
reasons:

(i) Rabbit flea populations may naturally possess higher 
levels of variation than rabbits. It has already been 
noted that rabbits have low levels of protein variation, 
even compared to other mammals.

(ii) The fact that the flea populations are larger than 

their corresponding rabbit population may reduce the 

effects of founder effects and genetic bottlenecks on the 
insect population. If the rabbit RAPD data is examined , 

it can be seen that only 2 of the 6 variant products 

varied over most of the populations, whereas, in the flea 

RAPD data the 4 variant products were variable in most 

populations, and this was reflected in larger genetic 
distance values between individuals and populations. In
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the rabbit population the amount of variation may have 

been reduced due to founder effects or genetic 
bottlenecks, however the widespread nature of variation 

in the flea's RAPD results suggests this has not occurred 

in the flea population.

4.4.4 Patterns of Geographical and Genetic Distance.
Individuals from Glenwhirry did not cluster together 

during parsimony analysis. This pattern was also shown in 

the Ballynahinch population which showed only a loose 

population cluster.
Examining average genetic distances (table 4.2) it may 

be seen that the closest linkage occurred between Comber 
and Ballynahinch. Geographically these populations are 
separated by the Saintfield population, which recorded 

the highest genetic distance against all other 

populations. This implies Saintfield is the genetically 
most distinct population, and also implies that its close 
geographic association with Saintfield in particular is 

independant to genetic distance. Due to the large level 

of intrapopulation variation in the Glenwhirry sample, 

average genetic distances with other populations were not 

considered significant. However, even using the remaining 

three populations there seems little evidence to a direct 
relationship between geographic distance with genetic

distance.
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4.4.5 Implications For Rabbit Movement.
Studying the rabbit flea data there is little evidence 

to correlate geographic and genetic distance. This 

implies that the populations examined are genetically 

insular (over the geographic range examined). Therefore 

the RAPD flea data concurs with the evidence provided in 

chapters 2 and 3, that the overall rabbit population is 

subdivided with little movement between sub-populations.

However, the evidence from the flea RAPD data was less 

conclusive, in that the data provided no population- 
specific markers and that the variation detected was 
found in most populations, unlike that provided by either 

rabbit study. This may have arisen due to 3 reasons:
(i) Flea collection was not possible from a number of 

sites, including mainland Britain. A larger number of 
sites would have provided more evidence to prove/disprove 
population subdivision, and mainland samples would have 

provided more evidence towards the apparent G.B./N.I. 

split mentioned in chapter 3.

(ii) No genetic markers were detected which identified 

any particular population, as were noted in chapters 2 

and 3 .
(iii) Though populations showed larger genetic distances 

between each other in the current chapter, the level of 

intrapopulation variation reduces the relevance of these
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interpopulation differences. Bearing in mind points (i) 

and (ii), the amount of shared variation between flea 

populations suggests there is more movement between 

rabbit populations than either of the sets of rabbit data 

did.

This movement may not be over the full geographic 

range of the study but a culmination of smaller 

movements. Rabbits only have to come into contact to 

exchange fleas, for example, during fighting. This may 

provide a mechanism for flea movement, in that

subordinate males expelled from colonies may try to join 
another nearby population. This movement would be met by 
hostility until the newcomer was subjugated. Hence fleas 
may be exchanged even if the newcomer moves on or is 

killed. Ultimately, even if the newcomer did stay, its 

chances of breeding would be reduced, as it is
subordinate. This would minimise its chances of 

contributing to (and potentially altering) the rabbit 

gene pool. This would result in flea populations being 

genetically more similar over the same geographical range 
than rabbit populations.

4.4.6 Summary

(i) More inter- and intrapopulation variation was found 

in the rabbit flea than the rabbit.

(ii) Variation discovered was more widespread than in 
the rabbit. Points (i) and (ii) may result from a larger
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effective population size in flea than rabbit 

populations.
(iii) In general the data provided further evidence that 

the rabbit, and hence rabbit flea, population is 

subdivided, and little gene flow occurs between 

populations.
(iv) Through the movements of subordinate rabbits, a 

theory was drawn up to explain how single or small groups 

of rabbits may move between populations (leading to 

movement of fleas), without resulting in rabbit gene 

flow.



Chapter 5:
Discussion
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5.1 Problems Encountered

Several sources of error and technical problems have 

been outlined in the previous 3 chapters. The only 

problem not discussed was that of rabbit collection. As 

noted in chapter 2, rabbits were collected in 2 ways, 

shooting and trapping. The original aim of the project 

was to trap all rabbits required for the project. This 

would have helped prevent sampling across multiple 
populations and facilitated the collection of fleas from 

every site. However, after 3 months of field work, it 

became apparent that trapping was too time comsuming to 

collect an adequate number of samples. Hence, it became 
necessary to have rabbits shot. Even though samplers were 
instructed to shoot individuals over a small geographic 
range (preferably 200 - 300 m2) , it is probable that this 

was not the case in all sites. This may have contributed 
to the Wahlund effects noted in chapter 2.

The other major problem with rabbit sampling occurred 
in the selection of sites. It was necessary to ask DANI 

and MAFF staff to shoot rabbits, and the sites had to be 
selected in the vicinity where these people were based. 
This limited any choice of site from the experimenter and 

led to the uneven distribution of sites across the 

sampled area. Even when trapping rabbits, it was 

necessary to select sites which would readily yield 
sufficent numbers of rabbits, thus making it impossible 
to randomly select sites as is scientifically correct.
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5.2 Comparison Of Starch Gel Electrophoresis and RAPD 
Techniques.

The technique of electrophoresis has been developed 

over the past 35 years (Ferguson, 1980), and starch gel 

electrophoresis has been used in lagomorph studies since 

the 1970's. Therefore, the technique is an established 

population genetics tool. There is also a large amount of 

available literature and back-up information, including 

specialized statistical analysis packages. Combined with 

the speed of sample processing and the low financial 

cost, these qualities give the technique a substantial 
advantage over traditional DNA analysis techniques such 
as DNA fingerprinting and sequencing. The advantage of 
DNA analysis lies in the potential to reveal more 
variation.

However, the RAPD technique cuts down the time 

required to analyse DNA (though not quite as fast as 

protein analysis) and reduces financial costs 
considerably from those of DNA fingerprinting. As well as 

providing a tool to discover more variation, RAPD 

permitted the genetic examination of flea populations, 

which was not possible using starch gel electrophoresis 

due to the small amount of insect tissue available.

As more knowledge of the RAPD technique is gathered 

and a better understanding of the results allows more in- 
depth statistical analysis, the technique will become 

increasingly useful in population studies. As it stands,
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the RAPD technique does not provide as much population 

information as starch gel electrophoresis analysis. 

However the technique has proved useful in conjunction 

with the protein analysis.

5.3 Gene Flow in the Rabbit Population.

The results of starch gel electrophoresis analysis 

indicated that the rabbit population was subdivided (FiT = 

0.421) and subpopulations were genetically distinct (FST = 

0.415). Gene flow estimations were low (maximum estimate 
allowed movement of 1 rabbit every 3 years between 

populations), and there appeared to be no correlation 
between genetic and geographical distance. These findings 

were largely confirmed by RAPD analysis of rabbit DNA. 
Again there seemed little correlation between 
geographical and genetic distances, and the large amount 
of interpopulation variation compared to intrapopulation 
variation indicated a subdivision of the population as a 

whole. This information indicates the has been little or 

no gene flow between rabbit populations over the 
geographic range of this study.

The data provided by the flea DNA was somewhat less 

conclusive. Populations proved genetically less distinct, 

though no geographical pattern could have been assumed 

from the data. Taking the evidence of chapters 2 and 3 

into account, the possibility of rabbit movement without



211

geneflow may be indicated. Subordinate males moving from 

a colony may travel to join another. This may result in 

the exchange of fleas between the two populations. 

However, assuming that the immigrant male remains 

subordinate, it may never breed, resulting in no rabbit 

gene flow. Indeed, if the subordinate male did breed, its 

genetic input would be small in a large colony of 

rabbits, perhaps equating to the gene flow of 1 rabbit 

per 3 years. Considering the possibility of a male moving 

into a rabbit-free area, this would prove unimportant as 
it wouldn't be capable of reproducing on its own. The 

movements of female rabbits into new territory would be 
more significant, if males were present or the female 
rabbit was pregnant.

5.4 Implications For Rabbit Management

The apparent lack of rabbit movement has one very
important implication for rabbit control. It might be

assumed rabbits could be controlled on a local scale,

without fear of rapid recolonization of the area. The

only complication to this theory, is that an area already 
containing a rabbit population will resist any further 

influx of rabbits. However, an area containing no 

rabbits, or with a depleted population due to management, 
might be colonized more readily by emigrants from a 

nearby population.
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The seasonal fluctuations of the rabbit population 

result in low over-wintering populations, and it is at 

these times rabbit control methods are at their most 

effective. Rabbit control is an issue which will become 

increasingly important in the future. Rabbit numbers in 

Britain have increased steadily since the original 

outbreaks of myxoma, through mechanisms of active and 

passive immunity. Although the current levels of genetic 

variation in the British European rabbit population are 

low by other mammals standards (and European rabbit 

population standards), this does not seem to have 
effected the successful recovery of rabbit numbers post

myxoma .

Therefore, when considering future rabbit control 

methods, it is important to bear in mind the lessons of 
myxoma. This disease wiped out at least 99% of the 
British wild rabbit population, and yet there has been a 

steady recovery, leading to a fast increase in rabbit 

numbers in recent years. The population bottlenecks 
caused by the disease may have reduced genetic variation, 

at least within sub-populations, though these bottlenecks 

occur naturally each year to a lesser extent due to a 

variety of annual mortality factors. The resulting low 

level of genetic variation does not seem to have 
adversely effected the rabbit's breeding success. There 

is no evidence that low levels of genetic variation and 
hence low heterozygosity have adversely effected
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individual rabbits, or the fitness of the species as a 

whole.

These factors should also be considered in the light of 

recent concerns over another rabbit disease. Viral 

haemorrhagic disease (VHD) has resulted recently in the 

deaths of two British wild rabbits for the first time. 

This occurred in Kent and Devon during September 1994 

(MAFF, 1994) . The disease was first discovered in China 

in 1984 and has now spread over most of Europe. 

Transmission is believed to occur through direct contact 
or perhaps via rodents, insects or birds. The disease has 
killed 80% of Spanish wild rabbits and devastated 
populations in France and Germany (Reid, 1994) . 

Environmentalists fear the disease will seriously reduce 
the British wild rabbit population, though farmers 
welcome the prospect. However, it should be borne in mind 
that myxoma decimated the wild rabbit population over 40 

years ago but the numbers have since recovered to a level 

where rabbits are once again a serious agricultural pest. 

Therefore, farmers should not consider VHD as signaling 
the end of the rabbit problem. Indeed VHD resistance has 

already been noted in Spain (Feore, personal 
communication) . The answer to the problem lies more with 

traditional control methods such as shooting, trapping, 

gassing and protection of crops with fencing. As rabbits 
were not a serious problem for many years after myxoma, a 

number of control techniques have been discarded. These
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methods need to be 
education program on 

statagies. Continuing 

novel control methods 

techniques of control 

safety net.

re-introduced together with an 

how and when to use management 

research on rabbit movement and 

are also important but traditional 

should always be maintained as a

5.5 Future Studies

Rabbit movement needs to be examined at a more local 

level. Using the general structure of this study, it 

would be interesting to examine genetic variation and 
gene flow over an area of a few square miles. This would 

indicate rabbit movements on a lesser scale. This could 
be backed up with radio tracking experiments.

Furthermore, it would be useful to examine the 
seasonal fluctuations of genetic variation in an isolated 
rabbit colony. This would help identify the impact of 

seasonal bottlenecks, and provide a perspective on the 

impact of the myxoma bottlenecks.

5.6 Conclusions

The conclusions of this study are summarized in the 

following points.

(i) The level of genetic variation in the rabbit is 

small compared to other mammals.
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(ii) The British wild rabbit population is fragmented 

(FiT = 0.421 and FST = 0.415), and at a local level 

populations may contain very low levels of genetic 

variation.

(iii) Gene flow levels were indicated to be low (maximum 

1 rabbit per 3 years) over the geographic range studied.

(iv) This implies that rabbit movements between these 

populations are few.

(v) The rabbit flea demonstrated more variation than the 

rabbit. This may indicate wider genetic bottlenecks are 

experienced in the flea population.

(vi) Flea populations were not as genetically distinct 
implying that more rabbit movement occurs than that 
indicated in chapters 2 and 3. This may occur in the form 
of subordinate male migrations and have only slight 

implications for gene flow and rabbit control.

(vii) There is no evidence that wild rabbit numbers have 

suffered from lack of genetic variation, and recovery 
from myxoma numbers is ongoing.

(viii) Future biological control methods for rabbits, 

such as the current VHD outbreak, may be successful in 

the short term but experience has shown that rabbits are 
adapted to high mortality and have the ability to

recover.
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(ix) In the light of this, traditional control methods 

together with research should be used to combat rising 
rabbit numbers.
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Appendix 1: Allelic frequencies for each locus scored

from starch gel electrophoresis.
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Appendix 2: Presence or absence of fragment as 

amplified by RAPD analysis for rabbit data.

1 = Fragment present 

0 = Fragment absent 

N = No result
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1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111



Pop/Fragment
FR7
FR8
FR9
FRIO
FN1
FN2
FN3
FN4
FN5
FN6
FN7
FN8
FN9

FN10
NCI
NC2
NC3
NC4
NCS
NC6
NC7
NCS
NC9

NC10
CA1
CA2
CA3
CA4
CAS
CAS
CA7
CAS
CA9

CA10
PK1
PK2
PK3
PK4
PK5
PK6
PK7
PK8
PK9

PK10
NM1
NM2
NM3
NM4
NM5
NM6
NM7
NM8
NM9

NM10
DD1
DD2
DD3
DD4
DD5
DD6
DD7
DOS
DD9

DD10
ED1
ED2
ED3

320 360 470 530 700
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
N N N N N 
11111 
11111

720 810 880 960
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N 
1111 
1111

1010
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
N
1
1

350 470 550
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
N N N
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
N N N
1 1 1
1 1 1

620 760 810
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
N N N
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
N N N
1 1 1
1 1 1

1000
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
N
1
1
1
1
1
1
1
1
1
1
1
1
1
1
N
1
1



Pop/Fragment 320 
ED4 1
EDS 1
EDS 1
ED7 1
ED8 1
EDO 1

ED10 1
YK1 1
YK2 1
YK3 1
YK4 1
YK5 1
YK6 1
YK7 1
YK8 1
YK9 1

YK10 1
SB1 1
SB2 1
SB3 1
SB4 1
SBS 1
SB6 1
SB7 1
SBS 1
SB9 1

SB10 1
BS1 1
BS2 1
BS3 1
BS4 1
BS5 1
BS6 1
BS7 N
BS8 1
BS9 1

BS10 1
LD1 1
LD2 1
LD3 N
LD4 N
LD5 1
LD6 1
LD7 1
LD8 1
LD9 1

LD10 1
SW1 1
SW2 1
SW3 1
SW4 1
SW5 1
SW6 1
SW7 1
SW8 1
SW9 1

SW10 1

360 470 530 700
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N
1111 
1111 
1111 
1111 
1111 
N N N N
N N N N
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111

720 810 880 960
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N
1111 
1111 
1111 
1111 
1111 
N N N N
N N N N
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111

1010 350 470 550
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N 1 1 1
1111 
1111 
1111 
1111 
1111 
N 1 1 1
N 1 1 1
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1 N N N
1111 
1111 
1111 
1111 
1111 
1111

620 760 810 1000
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N 
1111 
1111 
1111 
1111 
1111 
1111



Primer
Pop/Fragment 1050 

GW1 1
GW2 1
GW3 1
GW4 1
GW5 1
GW6 1
GW7 1
GW8 N
GW9 1
GW10 1
CB1 1
CB2 1
CBS 1
CB4 1
CBS 1
CB6 1
CB7 1
CBS 1
CBS 1

CB10 1
BH1 1
BH2 1
BH3 1
BH4 1
BH5 1
BH6 1
BH7 1
BH8 1
BH9 1

BH10 1
SF1 1
SF2 1
SF3 1
SF4 1
SF5 1
SF6 1
SF7 1
SF8 1
SF9 1

SF10 1
RL1 1
RL2 1
RL3 1
RL4 1
RL5 1
RL6 1
RL7 1
RL8 1
RL9 1

RL10 1
KM1 1
KM2 1
KM3 1
KM4 1
KM5 1
KM6 1
KM7 1
KM8 1
KM9 1

KM10 1
FR1 1
FR2 1
FR3 1
FR4 1
FR5 1
FR6 1

A1
1140 1350 370

1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
N N 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 N
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 N
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 N
1 1 1

390 440 650 730
0 111
0 111
0 111
0 111
0 111
0 111
0 111
0 111
0 111
0 111
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
0 111
0 111
0 111
0 111
0 111
0 111
0 111
N N N N 
0 111
0 111
0 111
0 111
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
0 111
1111 
0 111
1111 
1111 
0 111
0 111
0 111
N N N N
1111 
0 111
1111 
1111 
1111 
N N N N
1111

A18
810 870 1160 320
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1 1 1 N
1 1 1 N
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N 1 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1 1 1 N
1 1 1 N
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N 1
1111 
1111 
1111 
1111 
1111 
N N N N
1 1 1 N

400 540 640 710
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N
N N N N
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N
N N N N
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N
N N N N



Pop/Fragment 1050 
FR7 1
FR8 1
FR9 1

FR10 1
FN1 1
FN2 1
FN3 1
FN4 1
FN5 1
FN6 1
FN7 1
FN8 1
FN9 1

FN10 1
NCI 1
NC2 1
NC3 1
NC4 1
NC5 1
NC6 1
NC7 1
NC8 1
NC9 1

NC10 1
CA1 1
CA2 1
CA3 1
CA4 1
CAS 1
CA6 1
CA7 1
CAS 1
CA9 1

CA10 1
PK1 1
PK2 1
PK3 1
PK4 1
PK5 1
PK6 1
PK7 1
PK8 1
PK9 1

PK10 1
NM1 1
NM2 1
NM3 1
NM4 1
NM5 1
NM6 N
NM7 1
NM8 1
NM9 1

NNI10 1
DD1 1
DD2 1
DD3 1
DD4 1
DD5 1
DD6 1
DD7 1
DD8 1
DD9 1

DD10 1
ED1 N
ED2 1
EDS 1

1140 1350 370
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
N N 1
1 1 1
1 1 N
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
N N N
1 1 1
1 1 1

390 440 650 730
0 111
1111 
1111 
1111 
0 111
1111 
1111 
1111 
1111 
0 111
0 111
1111 
0 111
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
0 111
1111 
0 111
0 111
0 111
0 111
0 111
1111 
1111 
0 111
0 111
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N
1111 
1111 
0 111
0 111
0 111
0 111
0 111
0 111
0 111
0 111
0 111
0 111
N 1 1 1
0 111
0 111

810 870 1160 320
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1 1 1 N
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1 1 1 N
1111 
N N N 1
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1 1 1 N
1111 
1111 
1111

400 540 640 710
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N 
1111 
1111 
1111



Pop/Fragment 1050 1140 1350 370 390 440
ED4 1 1 1101
EDS 111101
ED6 111111
ED7 111101
EDS 111101
EDS 1 1 1111

ED10 1 1 110 1
YK1 111101
YK2 1 1 1101
YK3 1 1 1111
YK4 1 1 1111
YK5 111101
YK6 1 1 1111
YK7 1 1 1101
YK8 1 1 1101
YK9 1 1 1111
YK10 1 1 1101
SB1 111111
SB2 1 1 1101
SB3 1 1 1111
SB4 1 1 1111
SB5 1 1 1111
SB6 1 1 1111
SB7 1 1 1111
SB8 1 1 1111
SB9 1 1 1101

SB10 1 1 1111
BS1 1 1 1101
BS2 1 1 1111
BS3 1 1 1111
BS4 1 1 1111
BS5 1 1 1101
BS6 1 1 1111
BS7 1 1 1111
BS8 1 1 1111
BS9 1 1 1111

BS10 1 1 1101
LD1 111101
LD2 1 1 1101
LD3 1 1 1101
LD4 111101
LD5 111101
LD6 111101
LD7 111101
LD8 111101
LD9 1 1 1101

LD10 1 1 110 1
SW1 1 1 1111
SW2 1 1 1111
SW3 1 1 1111
SW4 N N N 1 1 1
SW5 1 1 1111
SW6 1 1 1111
SW7 1 1 1111
SW8 1 1 1111
SW9 1 1 1111

SW10 1 1 1111

730 810 870 1160 320 400 540 640 710
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
1111 11111 
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111
111 1 11111

650
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1



Primer
Pop/Fragment

GW1
GW2
GW3
GW4
GW5
GW6
GW7
GW8
GW9

GW10
CB1
CB2
CB3
CB4
CB5
CB6
CB7
CBS
CB9

CB10
BH1
BH2
BH3
BH4
BHS
BH6
BH7
BHS
BHS

BH10
SF1
SF2
SF3
SF4
SF5
SF6
SF7
SF8
SF9

SF10
RL1
RL2
RL3
RL4
RL5
RL6
RL7
RL8
RL9

RL10
KM1
KM2
KM3
KM4
KM5
KM6
KM7
KM8
KM9

KM10
FR1
FR2
FR3
FR4
FR5
FR6

770 880 960 1020
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N
N N N N
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N
N N N N
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N
N N N N

1050 1280 1520
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
N N N
N N N
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
N N N
N N N
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
N N N
N N N

1520
1
1
1
1
1
1
1
1
1
1
1
1
1
1
N
N
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
N
N
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
N
N

1580
1
1
1
1
1
1
1
1
1
1
1
1
1
1
N
N
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
N
N
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
N
N

F9
1680 2150 440 590 640 720

1 0 0 111
1 0 0 111
1 0 0 111
1 0 0 111
1 0 0 111
1 0 0 111
1 0 0 111
1 0 0 111
1 0 0 111
1 0 0 111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
N N 1 1 1 1
N N 1 1 1 1
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 0 111
1 0 0 0 1 1
1 0 0 111
1 0 10 11
1 0 0 0 1 1
1 0 0 111
1 0 0 0 1 1
1 0 0 111
1 0 0 111
1 0 0 111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
N N 1 1 1 1
N N 1 1 1 1
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 N N N N
1 0 1111
1 0 N N N N
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
N N 1 1 1 1
N N 1 1 1 1



Pop/Fragment
FR7
FR8
FR9

FR10
FN1
FN2
FN3
FN4
FN5
FN6
FN7
FN8
FN9

FN10
NC1
NC2
NC3
NC4
NC5
NC6
NC7
NC8
NC9

NC10
CA1
CA2
CA3
CA4
CAS
CAS
CA7
CAS
CA9

CA10
PK1
PK2
PK3
PK4
PK5
PK6
PK7
PK8
PK9

PK10
NM1
NM2
NM3
NM4
NM5
NM6
NM7
NM8
NM9

NM10
DD1
DD2
DD3
DD4
DOS
DD6
DD7
DD8
DD9

DD10
ED1
ED2
ED3

770 880 960 1020
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N 
1111 
1111 
1111

1050
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
N
1
1
1
1
1
1
1
1
1
1
1
1
1
1
N
1
1
1
1
1
1
1
1
1
1
1
1
1
N
1
1
1

1280
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
N
1
1
1
1
1
1
1
1
1
1
1
1
1
1
N
1
1
1
1
1
1
1
1
1
1
1
1
1
N
1
1
1

1520 1520 1580 1680 2150 440 590 640 720
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N 
1111 
1111 
1111

0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 N N N N
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 0 111
0 0 111
0 0 111
0 0 111
0 1111
0 1111
0 1111
1 N N N N
0 1111
0 1111
N 1 1 1 1
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
0 1111
N 1 1 1 1
0 1111
0 1111
0 1111
0 1111
0 0 111
0 0 111
0 1111
0 1111
0 1111
0 0 111
0 0 111
0 0 111
0 0 111
N 0 1 1 1
0 1111
0 1111
0 1111



Pop/Fragment
ED4
EDS
ED6
ED7
EDS
EDS

ED10
YK1
YK2
YK3
YK4
YK5
YK6
YK7
YK8
YK9

YK10
SB1
SB2
SB3
SB4
SB5
SB6
SB7
SB8
SB9

SB10
BS1
BS2
BS3
BS4
BS5
BS6
BS7
BS8
BS9

BS10
LD1
LD2
LD3
LD4
LD5
LD6
LD7
LD8
LD9

LD10
SW1
SW2
SW3
SW4
SW5
SW6
SW7
SW8
SW9

SW10

770 880 960 1020 1050
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
11111 
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1
1111 1

280 1520 1520 1580
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111

1680 2150 440 590 640 720
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 N N N N
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 N N N N
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 11111
1 11111
1 11111
1 11111
1 11111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111
1 0 1111



Primer
Pop/Fragment

GW1
GW2
GW3
GW4
GW5
GW6
GW7
GW8
GW9

GW10
CB1
CB2
CB3
CB4
CBS
CBS
CB7
CBS
CBS

CB10
BH1
BH2
BH3
BH4
BHS
BH6
BH7
BHS
BHS

BH10
SF1
SF2
SF3
SF4
SF5
SF6
SF7
SF8
SF9

SF10
RL1
RL2
RL3
RL4
RL5
RL6
RL7
RL8
RL9

RL10
KM1
KM2
KM3
KM4
KM5
KM6
KM7
KM8
KM9
KM10
FR1
FR2
FR3
FR4
FR5
FR6

750 830 940 970
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N N N N
1111 
N N N N
1111 
1111 
1111 
1111 
1111 
1111 
1111

1130
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
N
1
N
1
1
1
1
1
1
1

A20
1300 320 370 405 550 760 775 920 1000

1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
N 1 1
1 1 1
N 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1

1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1

1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1 
1 1 1

1200
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1320
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1620
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

1950
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
c
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0



Pop/Fragment
FR7
FR8
FR9

FR10
FN1
FN2
FN3
FN4
FN5
FN6
FN7
FN8
FN9

FN10
NC1
NC2
NC3
NC4
NC5
NC6
NC7
NC8
NC9

NC10
CA1
CA2
CAS
CA4
CAS
CA6
CA7
CAS
CA9

CA10
PK1
PK2
PK3
PK4
PK5
PK6
PK7
PK8
PK9

PK10
NM1
NM2
NM3
NM4
NM5
NM6
NM7
NM8
NM9

NM10
DD1
DD2
DD3
DD4
DD5
DD6
DD7
DD8
DD9

DD10
ED1
ED2
EDS

750 830 940 970 1130 
11111 
11111 
11111 
11111 
11111 
11111 
N N N N N
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
N N N N N 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111

1300 320 370 405
1111 
1 N N N
1111 
1111 
1111 
1111 
N 1 1 1
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1 N N N
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
N 1 1 1
1111 
1111 
1111 
1111 
1111 
1111 
1 N N N
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1111 
1 N N N 
1111 
1111

550 760 775 920 1000 
11111 
N N N N N 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
N N N N N 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
N N N N N 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
N N N N N 
11111 
11111

1200 1320 1620 1950
110 0
N N N N
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
N N N N
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
N N N N
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
110 0
N N N N
110 0
110 0



Pop/Fragment
ED4
EDS
EDS
ED7
EDS
EDS

ED10
YK1
YK2
YK3
YK4
YK5
YK6
YK7
YK8
YK9
YK10
SB1
SB2
SB3
SB4
SB5
SB6
SB7
SB8
SB9

SB10
BS1
BS2
BS3
BS4
BS5
BS6
BS7
BS8
BS9

BS10
LD1
LD2
LD3
LD4
LD5
LD6
LD7
LD8
LD9

LD10
SW1
SW2
SW3
SW4
SW5
SW6
SW7
SW8
SW9

SW10

750 830 940 970 1130
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
N N N N 1
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
N N N N 1 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111 
11111

1300 320 370 405
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111

550 760 775 920
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111
1111

1000 1200 1320 1620
1110
1110
1110
1110
1110
1110
1110
1110
1111
1110
1111
1110
1111
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110
1110

1950
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0



Appendix 3: Presence or absence of fragment as 

amplified by RAPD analysis for flea data.

1 = Fragment present 

0 = Fragment absent



Primer
Product

F10
530 860

FI 6
400 500 850 950 1100

FI 9
430 485 530

Glenwhirry 1 1 1 1 1 1 1 1 1 0 1
Glenwhirry 2 1 1 1 1 1 1 1 1 0 1
Glenwhirry 3 1 1 1 1 1 1 1 1 1 1
Glenwhirry 4 1 1 1 1 1 1 1 1 1 1
Glenwhirry 7 1 1 1 1 1 1 1 1 0 1
Glenwhirry 8 1 1 1 1 1 1 1 1 0 1
Glenwhirry 9 1 1 1 1 1 1 1 1 0 1
Glenwhirry 10 1 1 1 1 1 1 1 1 0 1

Comber 1 1 1 1 1 1 1 1 1 0 1
Comber 2 1 1 1 1 1 1 1 1 0 1
Comber 3 1 1 1 1 1 1 1 1 0 1
Comber 4 1 1 1 1 1 1 1 1 0 1
Comber 5 1 1 1 1 1 1 1 1 0 1
Comber 7 1 1 1 1 1 1 1 1 0 1
Comber 8 1 1 1 1 1 1 1 1 0 1
Comber 9 1 1 1 1 1 1 1 1 0 1
Comber 10 1 1 1 1 1 1 1 1 0 1

Saintfield 1 1 1 1 1 1 1 1 1 1 1
Saintfield 2 1 1 1 1 1 1 1 1 1 1
Saintfield 3 1 1 1 1 1 1 1 1 1 1
Saintfield 4 1 1 1 1 1 1 1 1 0 1
Saintfield 5 1 1 1 1 1 1 1 1 0 1
Saintfield 6 1 1 1 1 1 1 1 1 1 1
Saintfield 7 1 1 1 1 1 1 1 1 1 1
Saintfield 8 1 1 1 1 1 1 1 1 1 1
Saintfield 9 1 1 1 1 1 1 1 1 1 1

Ballynahinch 2 1 1 1 1 1 1 1 1 0 1
Ballynahinch 3 1 1 1 1 1 1 1 1 0 1
Ballynahinch 5 1 1 1 1 1 1 1 1 0 1
Ballynahinch 6 1 1 1 1 1 1 1 1 0 1
Ballynahinch 8 1 1 1 1 1 1 1 1 1 1
Ballynahinch 9 1 1 1 1 1 1 1 1 0 1
Ballynahinch 10 1 1 1 1 1 1 1 1 0 1



Primer FI 9 F5
Product 610 660 735 400 440 620 770 840 1260

Glenwhirry 1 1 0 1 1 1 1 1 0 1
Glenwhirry 2 1 0 1 1 1 1 1 0 1
Glenwhirry 3 1 1 1 0 1 1 1 0 1
Glenwhirry 4 1 0 1 1 1 1 1 0 1
Glenwhirry 7 1 1 1 1 1 1 1 0 1
Glenwhirry 8 1 1 1 0 1 1 1 1 1
Glenwhirry 9 1 0 1 0 1 1 1 0 1
Glenwhirry 10 1 0 1 1 1 1 1 1 1

Comber 1 1 0 1 1 1 1 1 0 1
Comber 2 1 0 1 1 1 1 1 0 1
Comber 3 1 1 1 1 1 1 1 0 1
Comber 4 1 0 1 1 1 1 1 0 1
Comber 5 1 0 1 1 1 1 1 0 1
Comber 7 1 0 1 1 1 1 1 0 1
Comber 8 1 1 1 1 1 1 1 0 1
Comber 9 1 1 1 1 1 1 1 0 1
Comber 10 1 1 1 1 1 1 1 0 1

Saintfield 1 1 0 1 0 1 1 1 1 1
Saintfield 2 1 0 1 1 1 1 1 1 1
Saintfield 3 1 0 1 0 1 1 1 1 1
Saintfield 4 1 0 1 0 1 1 1 1 1
Saintfield 5 1 1 1 0 1 1 1 1 1
Saintfield 6 1 0 1 0 1 1 1 1 1
Saintfield 7 1 0 1 1 1 1 1 1 1
Saintfield 8 1 0 1 1 1 1 1 1 1
Saintfield 9 1 0 1 0 1 1 1 1 1

Ballynahinch 2 1 0 1 1 1 1 1 0 1
Ballynahinch 3 1 1 1 1 1 1 1 1 1
Ballynahinch 5 1 0 1 1 1 1 1 1 1
Ballynahinch 6 1 0 1 1 1 1 1 0 1
Ballynahinch 8 1 0 1 1 1 1 1 1 1
Ballynahinch 9 1 0 1 1 1 1 1 1 1
Ballynahinch 10 1 0 1 1 1 1 1 0 1



Appendix 4: Genetic distances calculated from RAPD 

data, from rabbits.
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Appendix 5: Genetic distances calculated from RAPD

data, from fleas.



POPULATION
Glenwhirry 1 GW!
Glenwhirry 2 0.000 GW2
Glenwhirry 3 0.170 0.170 GW3
Glenwhirry 4 0.060 0.060 0.110 GW4
Glenwhirry? 0.060 0.060 0.110 0.160 GW?
GlenwhirryS 0.160 0.160 0.110 0.210 0.120 GW8
Glenwhirry9 0.120 0.120 0.120 0.120 0.120 0.120 GW9
GlenwhirrylO 0.060 0.060 0.210 0.110 0.110 0.110 0.120 GW10

CombeM 0.000 0.000 0.170 0.170 0.060 0.170 0.060 0.060 CB1

Comber2 0.000 0.000 0.170 0.170 0.060 0.170 0.060 0.060 0.000 CB2

Comber3 0.060 0.110 0.110 0.110 0.110 0.110 0.120 0.100 0.060 0.060

Comber4 0.000 0.000 0.170 0.170 0.060 0.170 0.060 0.060 0.000 0.000

ComberS 0.000 0.000 0.170 0.170 0.060 0.170 0.060 0.060 0.000 0.000

Comber? 0.000 0.000 0.170 0.170 0.060 0.170 0.060 0.060 0.000 0.000

ComberS 0.060 0.110 0.110 0.110 0.110 0.110 0.120 0.100 0.060 0.060

ComberS 0.060 0.110 0.110 0.110 0.110 0.110 0.120 0.100 0.060 0.060

Comber! 0 0.060 0.110 0.110 0.110 0.110 0.110 0.120 0.100 0.060 0.060

Saintfield! 0.120 0.120 0.110 0.110 0.210 0.110 0.120 0.110 0.170 0.170

Saintfield2 0.110 0.110 0.160 0.060 0.100 0.160 0.170 0.060 0.110 0.110

Saintfield3 0.120 0.120 0.110 0.110 0.210 0.110 0.120 0.110 0.170 0.170

Saintfield4 0.120 0.120 0.170 0.170 0.170 0.060 0.060 0.060 0.120 0.120

SaintfieldS 0.170 0.170 0.110 0.210 0.110 0.000 0.120 0.110 0.170 0.170

SaintfieldS 0.120 0.120 0.110 0.110 0.210 0.110 0.120 0.110 0.170 0.170

Saintfield? 0.110 0.110 0.160 0.060 0.100 0.160 0.170 0.060 0.110 0.110

SaintfieldS 0.110 0.110 0.160 0.060 0.100 0.160 0.170 0.060 0.110 0.110

SaintfieldS 0.120 0.120 0.110 0.110 0.210 0.110 0.120 0.110 0.170 0.170

Ballynahinch2 0.000 0.000 0.170 0.060 0.060 0.160 0.120 0.060 0.000 0.000

BallynahinchS 0.110 0.110 0.160 0.160 0.060 0.110 0.170 0.110 0.110 0.110

BallynahinchS 0.060 0.060 0.060 0.210 0.110 0.110 0.110 0.000 0.110 0.110

BallynahinchS 0.000 0.000 0.170 0.060 0.060 0.160 0.120 0.060 0.000 0.000

Ballynahinch? 0.110 0.110 0.160 0.060 0.100 0.160 0.170 0.060 0.110 0.110

BallynahinchS 0.060 0.060 0.060 0.210 0.110 0.110 0.110 0.000 0.110 0.110

BallynahinchIO 0.000 0.000 0.170 0.060 0.060 0.160 0.120 0.060 0.000 0.000



POPULATION
ComberS CBS
Comber4 0.060 CB4
ComberS 0.060 0.000 CBS
Comber? 0.060 0.000 0.000 CB7
ComberS 0.000 0.060 0.060 0.060 CBS

ComberS 0.000 0.060 0.060 0.060 0.000 CBS
Comber”! 0 0 000 0 060 0.060 0.060 0.000 0.000 CB10

SaintfielcM 0.210 0.170 0.170 0.170 0.210 0.210 0.210

Saintfield2 0.170 0.110 0.110 0.110 0.170 0.170 0.170

SaintfieldS 0.210 0.170 0.170 0.170 0.210 0.210 0.210

Saintfield4 0.160 0.120 0.120 0.120 0.160 0.160 0.160

SaintfieldS 0.110 0.170 0.170 0.170 0.110 0.110 0.110

SaintfieldS 0.210 0.170 0.170 0.170 0.210 0.210 0.210

Saintfield? 0.170 0.110 0.110 0.110 0.160 0.160 0.160

SaintfieldS 0.170 0.110 0.110 0.110 0.160 0.160 0.160

SaintfieldS 0 210 0 170 0.170 0.170 0.210 0.210 0.210

Ballynahinch2 0.060 0.000 0.000 0.000 0.060 0.060 U.UbU

BallynahinchS 0.060 0.110 0.110 0.110 0.060 U.U6U 0.060

BallynahinchS 0.060 0.110 0.110 0.110 0.060 0.060 0.060

BallynahinchS 0.060 0.000 0.000 0.000 0.060 0.060 0.060

Ballynahinch? 0.170 0.110 0.110 0.110 0.160 0.160 0.160

BallynahinchS 0.060 0.110 0.110 0.110 0.060 0.060 0.060

BallynahinchIO 0.060 0.000 0.000 0.000 0.060 0.060 0.060

SF1
0.060 SF2
0.000 0.060 SF3
0.060 0.110 0.060 SF4
0.110 0.160 0.110 0.060

0.000 0.060 0.000 0.060

0.060 0.000 0.060 0.110
0.060 0.000 0.060 0.110
0.000 0.060 0.000 0.060
0.120 0.110 0.120 0.120

0.160 0.100 0.160 0.110

0.110 0.060 0.110 0.060

0.120 0.110 0.120 0.120

0.060 0.000 0.060 0.110

0.110 0.060 0.110 0.060

0.120 0.110 0.120 0.120

POPULATION
SaintfieldS SF5
SaintfieldS 0.110 SF6
Saintfield? 0.160 0.060 SF7
SaintfieldS 0.160 0.060 0.000 SF8
SaintfieldS 0.110 0.000 0.060 0.060 SFS

Ballynahinch2 0.170 0.120 0.110 0.110 0.120

BallynahinchS 0.060 0.160 0.100 0.100 0.160

BallynahinchS 0.110 0.110 0.060 0.060 0.110

BallynahinchS 0.170 0.120 0.110 0.110 0.120

Ballynahinch? 0.160 0.060 0.000 0.000 0.060

BallynahinchS 0.110 0.110 0.060 0.060 0.110

BallynahinchIO 0.170 0.120 0.110 0.110 0.120

BH2
0.110 BH3
0.060 0.060 BH5
0.000 0.110 0.060 BH6
0.110 0.100 0.060 0.110 BH7

0.060 0.060 0.000 0.060 0.060 BH9

0.000 0.110 0.060 0.000 0.110 0.060



Appendix 6: Photographs and representations of RAPD 
gels .
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