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Pangur Ban

Written by a student of the monastery of Carinthia on a copy of 
St Paul's Epistles, in the eighth century (translated from the Gaelic 
by Robin Flower)

I and Pangur Ban, my cat,
'Tis a like task we are at; 
Hunting mice is his delight, 
Hunting words I sit all night.
Better far than praise of men 
'Tis to sit with book and pen; 
Pangur bears me no ill-will,
He too plies his simple skill.
'Tis a merry thing to see 
At our tasks how glad are we,
When at home we sit and find 
Entertainment to our mind.
Oftentimes a mouse will stray 
In the hero Pangur's way; 
Oftentimes my keen thought set 
Takes a meaning in its net.
'Gainst the wall he sets his eye 
Full and fierce and sharp and sly; 
'Gainst the wall of knowledge I 
All my little wisdom try.
When a mouse darts from its den,
O how glad is Pangur then!
0 what gladness do I prove 
When I solve the doubts I love!
So in peace our tasks we ply, 
Pangur Bân, my cat, and I;
In our arts we find our bliss,
1 have mine and he has his.
Practice every day has made 
Pangur perfect in his trade;
I get wisdom day and night 
Turning darkness into light.

ANON



ABSTRACT

The processes by which new species are formed have long 
been open to question. Chromosomal rearrangement has been 
thought to be important in spéciation. Central to the idea 
that chromosome rearrangements have a role in spéciation, 
is that heterozygotes between chromosome races have reduced 
fertility. A major problem with chromosome spéciation 
models is that if a rearrangement is effective as an 
isolating mechanism, it must also have a low probability of 
being established in a population. This study describes the 
artificial creation of a house mouse Robertsonian 
polymorphism on a small island, and the possibility that 
centric fusions are isolating is investigated.

House mice from the Orkney island of Eday (three centric 
fusions, 2n=34) were released by R.J. Berry and his 
associates on to the Isle of May, Firth of Forth (standard 
house mouse karyotype, 2n=40). Within 18 months of 
introduction each centric fusion had increased in frequency 
from an estimated starting value of 8% to a value close to 
50%, and apparently stabilised three years later with 
values around 65% for all three fusions, each segregating 
in accordance with Hardy-Weinberg expectations. The 
transformed population was behaving as a panmictic unit. 
Male Eday-May FI hybrids were found to have a relatively 
low frequency of non-disjunction (13%).



Objective data are provided by morphometric analysis of the 
mandible. Significant changes due to inherited factors were 
found after a very few generations. Very good agreement was 
found between single gene loci (represented by allozyme 
data) and morphology of the mandible. Principal component 
analysis clearly resolved size and shape differences 
between the samples and showed post-introduction mice were 
significantly larger than Eday and pre-introduction May 
mice, and intermediate in shape. The size difference is a 
multivariate indication of heterosis (6-8%). 54% of the
total post-introduction mandible variation was due to 
genetic differences. A hybrid index using six blood 
allozymes (devised to investigate introgression at the 
level of individual mice), Nei's genetic distance 
calculated with 19 allozyme loci, and mandible shape, 
placed post-introduction May mice mid-way between Eday and 
pre-introduction May. Post-introduction mice were more 
variable electrophoretically and morphologically than pre
introduction May mice.

The establishment that centric fusions are not strongly 
underdominant (from the stabilization of a Robertsonian 
polymorphism, non-significant deviations from Hardy- 
Weinberg equilibrium, and relatively low rates of non
disjunction) , means that factors such as deme size, 
vagility, meiotic drive, inbreeding, and genetic drift, can 
be revised, and the reality of chromosomal spéciation 
discounted.
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1. INTRODUCTION

The processes by which new species are formed have long 
been open to question. Following a recent meeting on 
spéciation, Coyne and Barton (1988) were prompted to say: 
"Our understanding of spéciation has progressed 
depressingly little since the classic reviews by Dobzhansky 
(1937) and Mayr (1942) . This is partly because of the 
difficulties of studying a historical process. But it also 
results from the preoccupation with schemes such as 
sympatric and chromosomal spéciation, and spéciation caused 
by genetic drift, that have little theoretical or empirical 
support and are considered infrequent even by their 
proponents."

1.1 SPECIES CONCEPTS

Fundamental to any discussion on spéciation is an 
understanding of what is a species. In the current 
literature there are four main species concepts: the
evolutionary species concept, the biological species 
concept (or isolation species concept), the recognition 
species concept, and the cohesion species concept (reviewed 
by Templeton, 1989).

1.1.1 THE EVOLUTIONARY SPECIES CONCEPT

The evolutionary species concept defines a species as a
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population or group of populations that shares a common 
evolutionary fate through time (Templeton, 1989). It can be 
applied to both living and extinct groups, and to sexual 
and asexual organisms. It is most commonly used by 
taxonomists and palaeontologists where the reproductive 
mode of an organism may be unknown, but species status can 
be conferred on the basis of phenotypic similarities and 
discontinuities between groups. A major problem with this 
concept is deciding which phenotypic characters are 
important. For example the male and female of a species may 
be phenotypically quite different, but clearly it would not 
be appropriate to confer species status. However such 
errors may happen when all there is to go on is fossil 
evidence.

1.1.2 THE BIOLOGICAL SPECIES CONCEPT

The biological or isolation species concept is the species 
concept most dominant in evolutionary literature. Mayr 
(1942) defined the biological species concept as "groups of 
actually or potentially interbreeding natural populations 
which are reproductively isolated from other such groups", 
and Dobzhansky (1970) as "systems of populations; the gene 
exchange between these systems is limited or prevented by 
a reproductive isolating mechanism or perhaps by a 
combination of several such mechanisms." Under the classic 
allopatric model of spéciation (Mayr, 1963), spéciation 
occurs when populations are totally separated from each
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other by geographical barriers. In isolation, and through 
a process of mutation, genetic drift and natural selection, 
populations acquire significant genetic differences. On 
secondary contact between populations isolation has been 
achieved because premating mechanisms have evolved that 
prevent interpopulational crosses (for example populations 
mate in different habitats, or at different times of the 
year, or don't choose to mate with each other) . Other 
mechanisms which maintain isolation may be postmating 
genetic incompatibility (mating may occur but zygote 
formation is not possible), or postzygotic isolation (such 
as FI inviability, FI sterility, or hybrid breakdown where 
F2 or backcross hybrids have reduced viability or 
fertility).

1.1.3 THE RECOGNITION SPECIES CONCEPT

The recognition species concept (Patterson, 1985) can be 
defined as "the most inclusive population of individual 
biparental organisms which share a common fertilization 
system" (Templeton, 1989). The recognition concept is in 
essence the reverse of the isolation species concept. Both 
species concepts treat species as a "field for gene 
recombination" (Templeton, 1989). However, the isolation 
concept defines the field limits in terms of isolating 
mechanisms, the recognition concept defines the field in 
terms of adaptations that assist the processes of meiosis 
and fertilization. Thus, the former concentrates on
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mechanisms that keep reproductive groups separate, and the 

latter on mechanisms that maintain the integrity of a 
reproductive group. As with the isolation spéciation 
concept, the recognition species concept has the major 
disadvantage that it is only applicable to sexually 
reproducing organisms. Both exclude self-mating sexual 
species and nonsexual taxa. The asexual world is just as 
well subdivided into easily defined biological taxa as the 
sexual world (Templeton, 1989). Furthermore, these concepts 
exclude syngameons which frequently occur in plants and 
also in some animal groups. Grant (1981) defines the 
syngameon as "the most inclusive unit of interbreeding in 
a hybridizing species group." Although syngameons are 
characterized by natural hybridization and limited gene 
exchange, the species within a syngameon are often real 
units in terms of morphology, ecology, genetics, and 
evolution (Templeton, 1989). An example is that of balsam 
poplars and cottonwoods. The fossil record shows that both 
have been distinct for at least 12 million years. However, 
hybrids are widespread and fertile, and have been generated 
throughout this period (Eckenwalder, 1984).

Animal examples of syngameons include wolves and coyotes. 
They are morphologically distinct, have significant 
behaviour differences, and apparently have existed as 
distinct lineages for at least 0.5 million years (Hall, 
1978), yet can and do hybridize.
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Drosophila heteroneura and D. silvestris are two species of 
Hawaiian Drosophila which are morphologically very 
distinct; D. silvestris has a round head and D. heteroneura 
a hammer shaped head. They hybridize in nature (Kaneshiro 
and Val, 1977) , and laboratory studies have found F2 and 
backcrosses are completely fertile and viable (Val, 1977; 
Templeton, 1977).

1.1.4 THE COHESION SPECIES CONCEPT

Since such examples pose serious problems for the isolation 
and recognition species definitions, and because these 
definitions are only applicable to sexually reproducing 
taxa, Templeton (1989) proposed the cohesion species 
concept as an alternative. The cohesion species concept is 
"the most inclusive population of individuals having the 
potential for phenotypic cohesion through intrinsic 
cohesion mechanisms" and "the most inclusive group of 
organisms having the potential for genetic and/or 
demographic exchangeability". Templeton attempts to 
identify those cohesion mechanisms that help maintain a 
group as an evolutionary lineage. The cohesion mechanisms 
that define a species are those that promote genetic 
relatedness and that determine population boundaries.

Templeton proposed two classes of cohesion mechanisms; 
genetic exchangeability, and demographic exchangeability. 
Genetic exchangeability means factors that define the
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limits of spread of new genetic variants through gene flow. 
Genetic exchangeability is subdivided into; (i) mechanisms 
promoting identity through gene flow (organisms are capable 
of exchanging gametes leading to successful fertilization, 
and the products of fertilization are capable of giving 
rise to viable and fertile adults); and (ii) isolating 
mechanisms where genetic identity is preserved by the lack 
of gene flow.

Demographic exchangeability means factors that define the 
fundamental niche and the limits of spread of new genetic 
variants through genetic drift and natural selection. The 
fundamental niche is defined by the genetic tolerances of 
individuals to various environmental factors that determine 
the range of environments in which the individuals are 
potentially capable of surviving and reproducing.

Not all species will be maintained by the same cohesion 
mechanisms. Templeton (1989) states: "By adjusting the
mixture of cohesion mechanisms, it is possible to take into 
account under a single species concept asexual taxa, the 
taxa that fall within the domain of the isolation and 
recognition concepts, and the members of syngameons."

1.2 WHAT IS SPECIATION?

Mayr (1963) defines spéciation as "the splitting of an 
original uniform species into several daughter species";
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White (1978a) as "the entire process of evolutionary
dichotomy - from the first appearance of a genetic 
isolating mechanism, however weakly developed, to the final 
severance of genetic continuity between two populations"; 
and Templeton (1989) as "the process by which new genetic 
systems of cohesion mechanisms evolve within a population."

As Endler (1989) points out "we are not all trying to 
explain the same thing when we discuss spéciation." He goes 
on to suggest that there are at least three different
evolutionary processes: (i) the evolution of reproductive 
isolation, (ii) the evolution of biological diversity, and 
(iii) the evolution of DNA sequence diversity.

More lightheartedly, Key (1974) said spéciation was "like 
the process of becoming a professor, it can be identified 
only when it is complete."

For the purposes of this study, spéciation relates to the 
evolution of reproductive isolation, and in particular the 
role of chromosome rearrangements.

1.3 GEOGRAPHIC CHROMOSOMALLY MEDIATED SPECIATION

Chromosomal rearrangement may be important in spéciation. 
For example, related species often have different
karyotypes. However, other well defined species have the
same karyotype (see Mayr, 1963; White, 1978a).
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Central to the idea that chromosome rearrangements have a 
role in spéciation, is that heterozygotes between 
chromosome races have reduced fertility, restricting gene 
flow, and leading to partial reproductive isolation. This 
may be followed by selection for premating isolation, and 
increased genetic distance through accumulated genetic 
change post spéciation (see Ayala, 1975).

Two major problems with theories about the role of 
chromosomal rearrangements in spéciation are; mechanisms of 
fixation and accumulation of chromosomal changes, and 
uncertainty about the role of geographical isolation in 
chromosomal changes associated with spéciation.

Impaired fertility in heterozygotes is necessary in 
building a postmating barrier between populations. However, 
the associated negative heterosis makes it difficult for a 
chromosomal rearrangement to become fixed in a population, 
and may, more likely, lead to rapid disappearance of the 
karyotypic variant.

Different factors which are thought to be important in 
fixation are: the selective advantage of the new
homokaryotype; vagility, meiotic drive, inbreeding, genetic 
drift, and deme size (Bengtsson and Bodmer, 1976; Lande, 
1979; Hedrick, 1981; Slatkin, 1981; Walsh, 1982).
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There are three major models of geographic chromosomally 
mediated spéciation; the stasipatric spéciation model 
(White, 1968); the peripatric spéciation model (Mayr 1963), 
and spéciation by monobrachial centric fusions (Baker & 

Bickham, 1986) .

1.3.1 STASIPATRIC SPECIATION

White (1968, 1978a, 1978b) proposed a sympatric model in
which chain processes of chromosomal changes make it 
possible for postmating isolation to develop. A new 
chromosomal mutation occurs within the continuous range of 
a species and homozygotes for the new karyotype are quickly 
formed. The homozygotes are superior and displace the 
original type, more changes are acquired which come to 
coincide with the first, reinforcing reproductive isolation 
and giving rise to a new species. This occurs despite its 
assumed reduction in fitness when heterozygous, and the 
probability of the mutation being eliminated by drift.

1.3.2 PERIPATRIC SPECIATION

Under this model, spéciation occurs in small founder 
populations at the edge of a species range. Homozygotes for 
a negatively heterotic (high level of sterility when 
heterozygous) chromosome change responsible for spéciation 
colonize unoccupied territory. Such events are thought to 
happen after periods of range contraction as a consequence
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of major environmental changes like ice ages (Mayr, 1963; 
Hewitt, 1989).

1.3.3 SPECIATION BY MONOBRACHIAL CENTRIC FUSIONS

A major problem with chromosome spéciation models is that 
"the probability of a rearrangement being established in a 
population is inversely related to its effectiveness as an 
isolating mechanism" (Baker & Bickham, 1986). Theoretical 
models (Lande, 1979, 1985; Hedrick, 1981; Walsh, 1982) have 
been used to show that despite negative heterosis, new 
homokaryotypes can become fixed in a population providing 
demes are small and the reduction in fertility of 
heterozygotes is modest. Consequently, several authors have 
discounted the reality of chromosomal spéciation (Futuyma 
& Mayer, 1980; Templeton, 1981; Nei et al., 1983).

Baker and Bickham (1986) suggest that regardless of the 
validity of the above models, centric fusions can be the 
mechanism of reproductive isolation during spéciation where 
monobrachial homology exists.

Their model requires fixation of different centric fusions 
(a frequent karyotypic change both between and within 
species; Fredga, 1977) with chromosome arms in common in 
two independent populations. However, since centric fusions 
are envisaged to cause little or no loss of fertility in 
heterozygotes, very small deme sizes are not required. Such
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populations would most likely come about through a 
peripatric founder effect. When two such populations 
hybridize, reproductive isolation is produced because of a 
severe reduction in fertility as a consequence of 
monobrachial homology resulting in quadrivalents or more 
complex multivalents, which do not segregate normally.

1.4 HYBRID ZONES

A large number of species are subdivided by hybrid zones. 
A review of the literature by Hewitt (1985) found over 150 
clear examples. Hybrid zones usually comprise multiple 
coincident dines for genes determining a whole range of 
traits. They frequently involve a combination of 
behavioural, chromosomal and molecular differences. They 
are most often caused by hybrid unfitness, but can also be 
caused by environmental differences (Hewitt, 1989).

Most narrow hybrid zones are interpreted as zones of 
secondary contact (joining of populations that have 
differentiated in allopatry; Mayr, 1942), because of doubts 
that abrupt discontinuities could happen in direct response 
to the environment (Harrison & Rand, 1989). Also, it is 
extremely difficult to distinguish primary (dines that 
develop along a series of populations in continuous 
contact) and secondary contact, because both processes 
result in the same pattern of variation (Endler, 1977).
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Hybrid zones can provide insight into many aspects of 
spéciation, including the origin and establishment of 
differences, the nature of species differences, and models 
of spéciation (Hewitt, 1989).

Hybrid zones between chromosome races offer the opportunity 
to study evolutionary processes in nature. Many examples 
are documented including: Acomvs (Wahrman and Goitein,
1972), Gerbillus (Wahrman and Gourevitz, 1973), Holochilus 
(Nachman, 1992a), Sorex (Searle, 1986), Spalax (Nevo and 
Bar-El, 1976), Thomomvs (Thaeler, 1974; Patton et al.. 
1979, 1984), and Uroderma (Baker, 1981; Hafner, 1982). 
Several of these examples are discussed later in Chapter 7.

1.5 THE MOUSE AS A USEFUL MODEL FOR GEOGRAPHIC CHROMOSOME 
MEDIATED SPECIATION

In Mus, five morphological taxa can be distinguished in 
Europe, which can be considered as species (Marshall & 
Sage, 1981), or as semispecies (Thaler et al., 1981). Mus 
musculus and Mus domesticus are essentially commensal, 
while Mus abbotti. Mus hortulanus. and Mus spretus 
essentially live in the open field.

Genetic isolation of the taxa is shown by discriminant 
allozyme alleles that allow a subdivision into four 
biochemical groups, which is also in good agreement with
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the morphological identification of the taxa (Marshall & 
Sage, 1981).

All the species have 40 acrocentric chromosomes 
corresponding in both G-banding and the distribution of the 
constitutive heterochromatin to that of the Asian species 
of Mus (Dev et aj_., 1975).

In addition to the 40 acrocentric chromosome karyotype, 
Robertsonian translocation (Rb) (Robertson, 1916) or 
centric fusion is frequently found in the house mouse (Mus 
domesticus)(see Chapter 2). The Robertsonian translocation 
variability in the Mus domesticus system was thought by 
White (1978b) to be an excellent example of stasipatric 
spéciation.

Areas of contact between races giving rise to Robertsonian 
polymorphism exist within the range of the house mouse 
(Adolph and Klein, 1981; Corti, Ciabatti, and Capanna, 
1990; Gropp et al. , 1982; Nance et ^ .  , 1990; Spirito et
al. . 1980) . What is not clear is whether these zones of
contact are isolating, and how important Robertsonian 
chromosomes are in maintaining such isolation. Also, 
studies on house mouse hybrid zones are quite likely to be 
confused by effects caused by the interaction of man and 
mouse. For example, mice can be passively transported over 
relatively large distances between farms in feed stuffs.
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1.6 OBJECTIVES OF THIS STUDY

This study describes the artificial creation of a house 
mouse Robertsonian polymorphism of three different centric 
fusions on a small island. It is analogous to a hybrid area 
of contact between races of Robertsonian and all- 
acrocentric mice, but essentially free of the disturbing 
influence of man (although, perversely, because of the 
success in introducing mice into an established population, 
it also shows man can be effective in transporting mice 
over a large distance).

Two main questions are addressed by this study:

(i) are centric fusions underdominant (negatively 
heterotic) in a natural environment?

(ii) do centric fusions have a role in spéciation?

Evidence to answer these questions is provided by the 
successful establishment of chromosomes, observed 
frequencies of heterozygotes and homozygotes to those 
expected under Hardy-Weinberg equilibrium, and meiotic 
studies on rates of non-disjunction. In addition, objective 
data are provided by morphometric analysis of the mandible. 
Mandible and chromosome changes are compared with other 
studies of allozyme and DNA variation.
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2. HOUSE MOUSE CHROMOSOMES

The haploid chromosome number (n) for the house mouse was 
determined some 80 years ago as 20 (see Evans, 1981). The 
ancestral diploid (2n) house mouse karyotype has 40 
acrocentric chromosomes, with males being the heterogametic 
sex.

The development of chromosome banding techniques in the 
late 60's and early 70's enabled homologous pairs of 
chromosomes to be definitely recognised for the first time. 
The system of G-band nomenclature proposed by Nesbitt and 
Francke (1973) was adopted by the Committee on Standardised 
Genetic Nomenclature for mice in 1974, and is the one in 
current use. The G-banding pattern appears to be remarkably 
uniform among the Mus subspecies (Hsu et aT., 1978).

2.1. ROBERTSONIAN TRANSLOCATIONS IN THE HOUSE MOUSE 
(Mus domesticus).

A Robertsonian translocation (Robertson, 1916) was first 
described in the house mouse in a laboratory mouse (Leonard 

and Deknudt, 1967). Many more have since been reported 
(Searle & Beechey, 1989).

The principle of Robertsonian translocation is demonstrated 
by Figure 2.1.1. With each translocation, two acrocentric 
chromosomes fuse to produce one metacentric chromosome
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(centric fusion) , and the chromosome number is reduced by
0 OL

one. The number of chromosome arms, or Nombre Fundamental 
(N.F.) remains the same.

It is generally accepted that since the direct adhesion of 
chromosome ends is not possible, the mechanism of 
Robertsonian translocation requires a breakpoint at the 
centromere, resulting in the creation of a metacentric 
chromosome, and two fragments which are subsequently lost 
(Gropp & Winking, 1981; John & Freeman, 1975; Lau & Hsu, 
1977) .

Several attempts to show genome size differences between 
Robertsonian populations and 40 all-acrocentric strains 
have failed to reveal any statistically significant 
differences (Comings & Avelino, 1972).

Instead of bivalents, individuals heterozygous for a single 
centric fusion show trivalent pairing configurations at 
diakinesis / metaphase I. Using the light microscope, 
meiotic pairing does not seem to be affected. By electron 
microscopy (Johannisson & Winking, 1979), minor pairing 
anomalies between the centric fusion and the homologous 
acrocentrics can be seen at the centromeric region.
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Figure 2.1.1 Principle of Robertsonian translocation. Each 
fusion event produces a unit reduction in the 
diploid (2n) chromosome number with the 
number of chromosome arms remaining constant

2n 4 3 2
NF 4 4 4
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2.1.1. ROBERTSONIAN TRANSLOCATIONS IN WILD HOUSE MICE.

Robertsonian translocations were first reported in wild 
house mice by Gropp, Tettenborn and von Lehmann (1970) . 
They discovered that tobacco mice from the Val di Poschiavo 
in south eastern Switzerland have seven pairs of 
metacentric chromosomes as a consequence of centric fusions 
(2n=26, N.F.=40) (Mice of the Poschiavo Valley were 
assigned to a separate species (Mus poschiavinus) by the 
Swiss zoologist Fatio (1869). They are called tobacco mice 
because of their distinctive coat colour).

Since this discovery, 78 different Robertsonian 
translocations in house mice from many more locations have 
been found (Fig.2.1.2, Table 2.1.1).
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Figure 2.1.2 Distribution of house mouse Robertsonian
populations in Europe and North Africa, also 
showing the locations of the island of Eday 
and the Isle of May. The numbers relate to 
Table 2.1.1
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Table 2.1.1 House mouse Robertsonian translocations in Europe and
North Africa

Location
chromosome and fusion 
3 4 5 6 10 11 12 13 14 15 16 Reference

BRITAIN
1 Orkney 

Eday 
Westray 
Faray

2 Caithness

3 BELGIUM
FRANCE
4 Alsace 

Alsace
5 GERMANY 

Tubingen I 
Reutlinger II 
Ulm III 
Heidenheim IV 
Ravensburg V 
Hybrid zone 
II/III

SPAIN
6 Barcelona
7 Ibiza
8 SWITZERLAND 

Poschiavo 
Bregaglia 
Bondo 
Mutten 
Mesolcina 
Basel 
Chiavenna

ITALY
8 Rhaetian 

system

1.5

2.5

3.14
3.14

4.10
4.10
4.10
4.10

6.14
6.13
6.13
6.13

4.12 5.10*°*'

4.12 5.7
4.12 5.10

3.6

4.12
4.12
4.12
4.12
4.12
4.12 5.15

5.15
5.14 6.10

4.14 5.15 6.10

1.3
1.10
1.3 2.14

4.6 5.15

4.12
4.12
4.12 
4.12”°*®

7.8

9.12
9.12
9.12
9.12
9.12

8.13

8.10
8.17 9.14

7.18 8.10

11.14

10.14

11.16
10.14 11.13
10.14

9.11

8.12 9.14 11.13
10.11

10.11
10.11

12.13

13.14
13.14

13 .14

13.16

13.16

16.17

16.17

orobie 1.3 2.8 4.6 5.15 7.18 9.14 10.12 11.13 16.17
Milano I 2.4 3.6 5.15 7.8 9.14 10.12 11.13 16.17
Milano II 2.8 3.4 5.15 6.7 9.14 10.12 11.13 16.17
Cremona 1.6 2.8 3.4 5.15 7.18 9.14 10.12 11.13 16.17
Migiondo 1.3 2.8 4.6 5.15 9.14 10.12 11.13 16.17
Luino 2.4 3.8 5.13 6.7 9.14 10.12 11.18 ll6.17

Adolph & Klein (1981)
) Nash et ad. (1983)

Adolph & Klein (1981) 
Scriven & Brooker (1990)
Hübner (1985, 1987) 
Bauchau et ad. (1987)

) Belkhir et al. (1987)
)

)
) Adolph & Klein (1983) 
))

Adolph & Klein (1981) 
Bonhomme et ad. (1983)

Gropp et al. (1972)

Gropp et al. (1982)
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Table 2.1.1 House mouse Robertsonian translocations in Europe and
North Africa

chromosome and fusion
Location 3 4 5 6

4.12

3.8 4.15 5.17 6.13
3.13 4.11 5.15 6.7
3.9 4.17 5.13 6.16
3.9 4.13 5.14 6.16
3.4 5.13 6.12

10 11 12 13 14 15 16 Reference

ITALY
9 Pisa
10 Apennins 

system
Abruzzi (CD) 1.7 
Molise (CB) 1.18 
Ancarano(ACR) 1.2

11 Liparia
12 Palermo
YUGOSLAVIA
13 Zhadar & 

Dalmatia
14 GREECE 

Amoudia 
Peloponnesus 
Thebes

15 DENMARK
TUNISIA
16 Monastir

1.2

1.11

1.3
1.11

2.18
2.17

2.15

8.14
8.14
8.12
8.17

9.16
9.16

9.16

5.15 6.12 8.17 9.13

10.11
10.12

10.15
10.14

10.14

12.14”
11.15

3.10
2.5
2.15

4.6
4.14

5.12
5.12

15.17

2.5 3.8
6.9
6.9

1.11 2.16 3.12 4.6 5.14

8.12
8.17

7.18 8.9

9.16 10.14 11.17 
10.13

10.17

13.15

13.15

) Capanna et al. (1976, 
) 1977)

Gropp & Winking (1981)
von Lehman & Radbruch 
(1977)

Gropp & winking (1981) 
Tichy & Vucak (1987)

Winking et al. (1981) 
) Tichy & Vucak (1987)

Nance et al. (1990) 

Said et al. (1986)

Note 1. Hübner originally described Rb(5.7) . He subsequently changed his 
mind after Bauchau e£ aJL. (1987). Having seen both Hübner ̂ s and 
Bauchau's karyotypes, the fusion is definitely Rb(5.10).

-iNote 2. Capanna's papers are confused as to which fusions are present in 
the Abruzzi race. The fusions listed in this table are those which 
appear in Capanna et al. (1977).
Note 3. Capanna & Riscassi (1978) report Rb(1.3) rather than Rb(4.12).
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2.2. ROBERTSONIAN CHROMOSOME POLYMORPHISM IN CAITHNESS 
MICE.

Adolph and Klein (1981) described three Robertsonian 
translocations in nine mice caught near Castletown in the 
north of Caithness. All were homozygous for Rb(4.10) and 
Rb(9.12) ; eight were homozygous for Rb(6.13), the other was 
heterozygous for this fusion. Hence, eight of the mice had 
a diploid chromosome number of 34 (2n=34), the other was 
2n=35. Brooker (1982) confirmed this finding and reported 
also 12 other Robertsonian translocations in 31 Caithness 
house mice from 18 locations in the county.

In 1985, I caught and karyotyped ten animals from three 
locations in Caithness (table 2.2.1), and found only four 
Robertsonian translocations, those described by Adolph and 
Klein (1981), plus Rb(11.14) described by Brooker (1982).

Since no mouse has been found within Caithness with less 
than 32 chromosomes (indicative of only four centric 
fusions), it was necessary to re-examine Brooker's earlier 
material. In collaboration with P.C. Brooker, analysis of 
photographs and negatives (slides having deteriorated 
badly) led us to agree that only four Robertsonian 
translocations seem to be represented in Caithness; 

Rbs(4.10), (6.13), (9.12) and Rb(11.14) (Fig. 2.2.1)
(Scriven and Brooker, 1990).

Table 2.2.1 shows those individuals where the karyotype was
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determined without equivocation. Although the sample sizes 
are small (one or two individuals in most cases) , each 
centric fusion has a widespread distribution within 
Caithness (Fig. 2.2.2). All the Caithness house mice were 
homozygous for Rb(9.12) and Rb(4.10) (with one exception in 
37 mice karyotyped) , but some were segregating for Rb(6.13) 
and Rb(ll.14).

More recently, J.B. Searle collected house mice from 
Caithness and the neighbouring county of Sutherland in 
March 1987 and April 1989 (Searle, 1991) . He karyotyped 103 
house mice from seven sites along an 80 km east-west 
transect between John O'Croates and Cape Wrath. Again he 
found only Rb(4.10), Rb(6.13), Rb(9.12), and Rb(11.14). He 
found polymorphism for all the chromosome arms involved in 
centric fusions, and interpreted this region of 
polymorphism to represent a hybrid zone between a 32- 
chromosome John O'Croates race and the standard 40- 
chromosome race. He found that the hybrid zone was 
staggered with dines of varying width for the different 
centric fusions: 39km for Rb(4.10), 42km for Rb(9.12), 22km 
for Rb(6.13), and 31km for Rb(11.14).
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Table 2.2.1 Analysis of house mice caught in Caithness (Scriven 
& Brooker, 1990).

O.S. No. of Centric fusion
Location Ref cf 9 2n 4.10 6.13 9.12 11.14
Brooker (1982)
(4) Dunnet 215714 1 37 hom het
(6) Greenland 244676 1 34 hom hom hom
(7) Lyth 278633 1 35 hom het hom
(8) Sortat, Lyth 289632 1 32 hom hom hom hom
(9) Auckengill 363643 1 32 hom hom hom hom
(9) Auckengill 363643 1 33 hom hom hom het
(9) Auckengill 363643 2 36 hom hom

(11) Bowermadden 241643 1 34 hom het hom het
(12) Spittal 167545 1 36 hom hom
(13) L .St'th-Watten 257550 1 32 hom hom hom hom
(14) Westfield 058643 1 35 hom het hom
(15) Bardnaclavan 071647 1 35 hom hom het
(16) Brickigore 345447 1 32 hom hom hom hom
(17) Smerlie 322407 1 1 36 hom hom
(18) Lybster 243357 2 36 hom hom
Helmsdale 029166 1 40
Melvich 882647 1 1 40
Adolph and Klein (1981)
Castletown 195679 - - 34 hom hom hom
Castletown 195679 35 hom het hom
Scriven (1985, unpublished)
Shalmstry 130646 1 32 hom hom hom hom
John 0'Groats 381725 2 32 hom hom hom hom
John 0'Groats 381725 2 33 hom hom hom het
Middle Keiss 341615 1 1 32 hom hom hom hom
Hawk Hill, Keiss 352625 1 32 hom hom hom hom
Keiss 362623 1 1 32 hom hom hom hom
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Figure 2.2.1 G-banded karyotype of the Caithness house 
mouse caught at location eight, 2n=3 2, 
N.F.=40
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Figure 2.2.2 Scottish house mouse Robertsonian populations
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2.3. ROBERTSONIAN CHROMOSOME POLYMORPHISM IN FARAY MICE.

Faray is a 250 ha island in Orkney, uninhabited by humans 
since 1946. The only small mammal is the house mouse (Mus 
domesticus). Faray mice are homozygous for Rb(3.14) and 
Rb(9.12), and polymorphic for Rb(4.10). Between 1982 and 
1986 the population fluctuated in numbers from a maximum of 
400-500 to less than 50. Over this period there was a 
decrease in the frequency of Rb(4.10) from 36.4% to 13.3% 
(Table 2.3.1) (Berry, Berry, Anderson & Scriven, 1992).

Table 2.3.1 Robertsonian translocations on Faray
frequency

sample N homozygous heterozygous ofRb(4.10)

Sept'82 33 5 14 0.364±0.059
Sept'84 18 0 4 0.110±0.052
Sept'85 8 0 0 0.0
Sept'86 15 0 4 0.133±0.062
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2.4. CHROMOSOMES ASSOCIATED WITH FUSIONS IN WILD MICE.

For 78 centric fusions (Table 2.4.1), assuming that each 
chromosome (1-19, X and Y) has the same probability of 
fusion, and chromosomes fuse randomly with each other (the 
null hypothesis), the expected frequency of fusion 
involvement for each chromosome is (78x2)/21=7.43. The 
observed frequencies for each chromosome are given in Table
2.4.2. The observed chi-square value is 36.785 (20 d.f.
p<0.025), hence the null hypothesis of random chromosome 
fusion is rejected. However, if chromosomes 19, X, and Y 
are excluded (only these have a frequency of zero), the 
expected frequency of fusion involvement for each 
chromosome is (78x2)/18=8.67. The observed chi-square value 
is 9.23 (17 d.f. p>0.05), and now the null hypothesis of
random chromosome fusion cannot be rejected.

Chromosomes 19, X, and Y have never been reported in any 
Robertsonian translocation in wild house mice. Centric 
fusions involving chromosomes 19 and X are known in 
laboratory mice (Searle & Beechy, 1989). Bauchau (1990) has 
tested the hypothesis that chromosomes X and 19 can fuse 
with the same probability as the other chromosomes 
(excluding Y) , but that their absence from wild populations 
is a matter of chance. He calculated that the probability 
of finding 79 Robertsonian translocations [Bauchau (1990) 
in error lists Rb(1.9) instead of Rb(1.3) at Mesolcina, and 
thereby creates an extra fusion] without X or 19 was 
p=lxlO'̂ °, rejected the hypothesis, and concluded that
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chromosomes X and 19 (in addition to Y) are absent in wild 
mouse centric fusion populations.

Thus it seems only chromosomes 1-18 are involved in centric 
fusions in wild mouse populations, and fusion is random. 
The Y chromosome probably is not capable of fusion 
(Bauchau, 1990, points to the absence of satellite DNA in 
the pericentromeric region as a possible explanation). 
Chromosomes 19 and X are capable of fusion in laboratory 
mice, but seem to be selected against with extreme 
prejudice in wild mouse populations. Centric fusions 
involving the sex chromosomes may also cause problems 
(Gropp & Winking, 1981).
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Table 2.4.1 Chromosomes associated with fusions in the house mouse 
in Europe and North Africa.

Chromosome
1
1 X X X X X  X X  X

X

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
X X X X X X X
2 X X X X X X X

3 X X X X X X X X
4 X X X X X X X X

5 X X X X X X X
6 X X X X X X X

X
8 X 

9
10

X X X X
X X X X X
X X X X X X
11 X X X X X

12 X X
13 X X X

14
15 X

16 X 
17

X

18
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Table 2.4.2 Number of fusions associated with each 
chromosome in the house mouse

number of 
chromosome fusions

1 8
2 9
3 9
4 10
5 9
6 10
7 5
8 9
9 8
10 12
11 10
12 9
13 12
14 11
15 7
16 6
17 8

18 4
19 0
X 0
Y 0

156
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2.5. DO COMMON FUSIONS IMPLY COMMON ORIGINS ?

Many mouse populations have centric fusions in common. An 
important question to answer is: do shared fusions imply 
populations shared a common ancestor, or how likely is it 
that the same fusions arose independently in different 
populations? Excluding the possibility of isochromosome 
fusion, 153 fusions are possible with 18 chromosomes 
(chromosomes 19, X, and Y have never been found associated 
with centric fusions in wild mice). Many populations have 
more than one fusion up to a maximum of nine. The 
probability of a fusion appearing is dependent upon the 
number of chromosomes available for fusion and the 
probability that a previous fusion did not involve those 
particular chromosomes. If two populations each have nine 
independent centric fusions, the probability of one or more 
fusion in common is 0.43 (Bauchau, 1990). This is the 
greatest probability for two populations sharing a fusion. 
However, for most other permutations when two populations 
share two fusions, and in all cases where two populations 

share more than two fusions, the probabilities of these 
arising independently are less than 0.05 (Bauchau, 1990, 
plSO) . Many wild mouse populations have more than two 
fusions in common in two or more populations and therefore 
it can be concluded that in most cases populations share 
centric fusions because they had a common ancestor rather 
than as a consequence of a fusion arising independently in 
different populations. The most common fusion found
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in wild mice populations is Rb(4.12), and is found in mice 
from Belgium, southern Germany, and Switzerland. There are 
12 locations where house mice are homozygous for Rb(4.12).

2.6. PHYLOGENY OF POPULATIONS WITH ROBERTSONIAN 
TRANSLOCATIONS.

Attempts have been made to construct phylogenies of 
Robertsonian house mouse populations. Larson et aT. (1984) 
produced a parsimonious tree allowing chromosome fission as 
well as fusion (unfortunately incorporating the erroneous 
Brooker, 1982 study). However, chromosome fission has never 
been demonstrated in house mice and is considered unlikely 
since each event may require creating, partially or 
completely, a new centromere. Corti et ̂ . , (1986) produced 
a different scheme including the possibility of 
hybridization between populations at various stages for 13 
populations from Italy and Switzerland. However, in 
consequence several parallel events are produced, i.e. the 
same fusion is found occurring more than once in separate 
lineages. As we have already seen this is extremely 
unlikely to occur.

The most comprehensive analysis was done by Bauchau (1990), 
which allowed only fusions, and minimised the number of 
times a centric fusion appeared more than once. However, as 
Bauchau points out, cladistic analysis of Robertsonian 
populations is only of limited value because some of the 
assumptions needed for this type of analysis do not apply.
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In particular, this type of analysis assumes that the 
characters are independent. Centric fusions are not 
independent characters because the availability of 
chromosomes for fusion depends on how many, and which, 
chromosomes have already fused in a population.

Bauchau (1990) proposed an alternative method based on a 
quantitative assessment of the probability that populations 
share centric fusions only as a result of having common 
ancestry. Using the probability that two populations share 
their common centric fusion by chance as a measure of 
karyotypic distance between two populations, and 
summarising the matrix by cluster analysis using the single 
linkage method, he found eight independent clusters of 
populations or groups of populations. These were; Bondo, 
Amoudia, Denmark, Barcelona, Monastir, Abruzzi, the 
Scottish populations, and a large group composed of most of 
the populations from Belgium to the Mediterranean.

Another possibility, which does not require fission or 
parallel evolution, is to allow whole arm exchange. Whole 
arm exchange involves one arm of a centric fusion swapping 
with either an acrocentric chromosome or another centric 
fusion arm. The former has been induced in laboratory mice 
using X-rays (Crocker & Cattanach, 1981). Whole arm 
exchange does not require the creation of a new centromere. 
Allowing only chromosome fusion and whole arm exchange, it 
is possible to construct a plausible parsimonious tree for 
the Rhaetian system in northern Italy (Fig. 2.6.1).

48



Figure 2.6.1 Evolutionary relationships among Rhaethian 
(north Italian) Robertsonian populations
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3. ELECTROPHORESIS OF BRITISH AND EUROPEAN HOUSE MOUSE 
POPULATIONS.

Table 3.1 presents electrophoresis data for 32 wild mouse 
samples from 19 locations in Britain and Europe. The 
British mouse data was provided by R.J. Berry and P.W. 
King. The other data were taken from Britton-Davidian et 
al. . 1989. These data include only loci screened by both
laboratories, and only samples with 2 0 or more animals. 
These date were summarised using cluster analysis (SAS 
Institute, 1985). Figure 3.1.1 displays the dendrogram 
obtained by the median distance method for the British 
samples (1-11) (Fig. 3.1.2). Figure 3.2.1 displays the 
dendrogram for all populations.

3.1 BRITISH MOUSE POPULATIONS.

The dendrogram (Fig. 3.1.1) at the 1.1 level shows two main 
groups. One group includes the Orkney and Caithness 
populations (northern), and the other group includes all 
the populations south of Caithness (southern). The alleles 
which most distinguish the two groups are Es-2*, Es-3% Es- 
5% Gpt-2\ Gpi\ and Idh-l*’ (Figs. 3.1.3) (Table 3.2.1). The 
southern group includes the Isle of May sample taken from 
before the introduction of mice from Eday (which is in the 
northern group) on to the island, and the northern group 
includes the Isle of May sample taken after the 
introduction of mice.
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Table 3.1 Electrophoretic data for some European house 
mouse populations

Ref. Pop u l a t i o n
Sample
Size Es-1'

Allele 
Es-2* Es-2‘ Es-3' Mod-1" Mod-1" Mor-1" Mpi" N p - 1 ’ " N p - 1 " " Pgm-1* Es-3" Es-5* Es-10* " Got-2" Gpi" Gpi" Hbb" Idh-l" Pgm-2" Trf

1 Pa p a  W e s t r a y  2 69 0 0.112 0 0 0.57 0 0 0 0 0 0.06 0 0 0 0 0 0 0. 08 0.73 0 0

Papa W e s t r a y  1 30 0 0. 31 0 0 0.75 0 0 0 0 0 0.15 0 0 0 0 0 0 0 0.15 0 0

2 W e s t r a y 103 0 0. 16 0 0 0 0 0 0 0 0.15 0.23 0 0.11 0 0.01 0 0 0.16 0.23 0 0

3 F a r a y 70 0 0 0 0 0 0 0 0 0 0 0 0 0.12 0 0 0 0 0.72 0.6 0 0
II Ed a y 96 0 0 0 0 0.12 0 0 0 0 0 0 0 0 0 0 0 0 0.21 0.66 0 0

5 C a i t h n e s s '8l ai 0 0. 13 0 0.06 0.09 0 0.05 0 0 0 0 0.08 0 .13 0 0.11 0 0 0. 1 0.28 0 0

C a i t h n e s s '79 120 0 0 0 0.01 0.02 0 0.27 0 0 0 0 0.12 0 0 0.26 0 0 0. 09 0.27 0 0
C a i t h n e s s 29- 0 0 0 0 0.12 0 0 0 0 0 0 0.01 0.22 0 0.08 0 0 0.18 0.21 0 0

6 A b e r d e e n 22 0 0 0 0 0.21 0 0 0 0 0 0 0.61 0.57 0 0.71 0.12 0 0.13 0.08 0.08 0

7 May, Sep'80 ao 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0. 02
May, S e p '83 82 0 0 0 0 0.18 0 0 0 0 0 0 0.19 0.51 0 0 0 0 0.09 0.12 0 0

8 I n c h k e i t h 51 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
9 B u nwell 32 0 0.18 0 0.11 0 0 0 0 0 0 0 0.31 0.91 0 0.89 0.17 0 0.31 0.11 0 0

10 S k o k h o l m 75 0 1 0 0 0.37 0 0 0 0 0 0 0.97 1 0 0 0 0 0.11 0. 37 0 0
11 C h e d z o y '8l (lOTu) 82 0 0. 7 0.02 0 0 0.07 0 0 0 0 0 0.85 0.99 0 0. 91 0.53 0 0. 11 0.09 0 0.01

C h e d z o y ' 8 1  (9Tu) 100 0 0.73 G 0 0 0 0 0 0 0 0 0.55 0.97 0 0.99 0.58 0 0.18 0.06 0 0.01
C h e d z o y ' 8 2  (laTu) 115 0 0.63 c 0 0 0.06 0 0 0 0 0 0.17 1 0 1 0.37 0 0.18 0.07 0 0.01
C h e d z o y ’Sa (l8Tu) 55 0 0.75 0 0 0 0 0 0 0 0 0 0.75 0.99 0 0.92 0.27 0 0.11 0.11 0 0
C h e d z o y ' S a  (17Tu) 83 0 0.6 0 0 0 0 0 0 0 0 0 0.6 0.99 0 1 0.51 0 0.15 0.12 0 0
S l o u g h  C o u r t ' 8 a  (1T2) loa 0 o.ia 0.01 0 0 0 0 0 0 0 0 0.91 0.93 0 0.97 0.19 0.06 0 0.53 0 0
P a r k  F a r m '8a (l6Tu) 71 0 0. 36 0 0 0 0 0 0 0 0 0 0.67 0. 91 0 1 0.13 0 0. 06 0.35 0 0.01
T a u n t o n ' 7 9  (7Tu) 99 0 0. 55 0 0 0.03 0.06 0 0 0 0 0 0.66 0. 98 0 0,96 0.56 0.01 0.09 0.01 0 0.03
T a u n t o n '80 (8T u ) 100 0 0. 36 0 0 0.01 0 0 0 0 0 0 0.67 0.86 0 1 0.33 0.17 0,03 0.16 0 0.03
W o o d  C o u r t '83 (15Tu) 120 0 0.91 0 0. 12 0 0 0 0 0 0 0 0.51 0.98 0 1 0.31 0 0. 01 0.08 0 0.01

12 T u b i n g e n  I 13 0, 01 0 0.97 0 0. 02 0.01 0 0 0 0 0 0.01 0.21 0.02 0.92 1 0 0.1 0.12 0. 02 0.03
13 R e u t l i n g e r  II 21 0.19 0 0.59 0 o.ia 0.28 0 0 0 0 0 0.18 0.68 0.38 0.79 0.68 0 0.06 0.07 0 0.01
1Ü Le Bourget 2a 0 0.21 0 0 0.19 0 0 0 0.12 0 0 0.01 0.76 0. 06 0.75 0 0 0.35 0.77 0 0
15 D o r d o g n e 2a 0 0 0 0.07 0.15 0 0 0 0 0 0 0 0 0 0.01 0 0 0 0.21 0 0
16 B e r g a m o 30 0 0 0 0 0.03 0.05 0 0 0 0 0 .03 0 0.32 0.22 0 0 0 0.12 0.68 0 0.01
17 B i n a s c o 27 0 0 0 0 0.11 0 0 0 0 0 0.16 0 0.53 0 0.16 0 0 0.33 0.75 0 0.02
18 Pratx 20 0 0 0 0 0.23 0 0 0 0 0 0 0 0. 51 0 0.1 0.03 0 0.53 0.53 0 0
19 B a r c e l o n a 20 0 0 0 0 0.31 0 0 0 0 0 0.08 0.07 0.11 0 0.27 0.03 0 0.03 0.16 0.11 0
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Figure 3.1.1 cluster analysis of British house 
mouse populations using the median 
distance method

t

—r-: n r
CMÔ

Inchkeith

M ay,Sep '80

Wood Court 83

Chedzoy*84

Chedzoy *81

Chedzoy*82

Chedzoy *81

Chedzoy *84

Taunton*79

Slough Court*74

Park Farm*84

Taunton '80

Aberdeen

Bunwell

Skokholm

Papa Westray

Papa Westray

Faray

Eday

May,Sep *83 

Westray 

C a ithness  *79 

C a ith n e ssB I

©

©

©

S U J Û — < Z  Q — COI-<ZOUI

52



Figure 3.1.2 Locations of British house mouse populations 
used in the electrophoresis study
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Figure 3.1.3 Distributions and frequency charts of
distinguishing alleles in British house mice
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Figure 3.1.3 (cont.) Distributions and frequency charts of
distinguishing alleles in British house mice
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3.2 BRITISH AND EUROPEAN MOUSE POPULATIONS.

Including the mainland Europe samples in the analysis 
(samples 12-19, Figs. 3.2.1 and 3.2.2, Table 3.1), three 
main groups can be distinguished; the German samples (12 
and 13), northern British samples and sample 14-19, and the 
southern British group. The main distinguishing alleles 
are: Es-1*. Es-2*. Es-2,. Es-5*. Es-10^ (non-standard mouse 
nomenclature related to electrophoretic distance) , and Gpi** 
(Fig. 3.2.3, Table 3.2.1). Es-1*. and Es-2* are only present 
in the German group, Es-10^ is virtually limited to the 
German group, and Gpi’’ has a higher frequency than in the 
other two groups. Es-2*. Es-3*. and Es-5* have higher
frequencies in the southern British group than in the other 
groups.
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Table 3.2.1 Distinguishing electrophoretic alleles in 
European mice

allele

group Es-1" Es-2* Es-2" Es-3"
Northern
Britain 0 0.14 0 0.03 0.35
Southern
Britain 0 0.53 0 0.66 0.96
Germany 0.07 0 0.84 0.07 0.37
Other
European 0 0.03 0 0.02 a42

Es-10“ Got-2’’ Gpi’’ Idh-l”
Northern
Britain 0 0.07 0 0.44
Southern
Britain 0 0.90 0.36 0.16
Germany 0.14 0.88 0.90 0.31
Other
European 0.05 0.25 0.01 0.57
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Figure 3.2.1 Cluster analysis of European house mouse 
populations using the median distance method 
Location numbers are shown on Fig 3.2.2
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Figure 3.2.2 Locations of European house mouse populations 
used in the electrophoresis study
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Figure 3.2.3 Distributions and frequency charts of
distinguishing alleles in European house
mice
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Figure 3.2.3 (cont.) Distributions and frequency charts
of distinguishing alleles in European house
mice
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4. THE ISLE OF MAY.

The Isle of May (56°12'N 2°32'W) is an island about two km 

long and 0.5 km wide (60 ha) and lies 10 km off the Fife 
coast of Scotland, just outside the Firth of Forth. The 
island is rocky and mostly grassland. Although previously 
inhabited (probably on and off since the 12th century), the 
island has been essentially uninhabited for many years 
(with the exception of summer bird-watchers, and the 
lighthouse - which was automated in 1987). In addition to 
the bird colonies, the only mammals inhabiting the island 
are rabbits and house mice.

Allozymically house mice are among the more variable 
mammalian species; Berry (1981) quotes an overall average 
heterozygosity per locus (H) of 7%. Surprisingly, samples 
of May mice have been allozymically monomorphic (H=0%) 
(Berry & Peters, 1977; Berry, 1981). In one survey 
involving over 70 allozyme loci in 40 mice, only five 
heterozygotes at two loci (xylose dehydrogenase-1 and 
transferrin) were found (Berry et al., 1991) . May mice were 
therefore probably highly inbred. Chromosomally, May mice 
had the ancestral 2n=40 karyotype.

4.1 INTRODUCTION OF MICE ON TO THE ISLE OF MAY.

In April 1982, R.J. Berry and associates (Berry et al., 
1991) introduced 77 house mice (42 males, 35 females) from
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the island of Eday in the Orkney archipelago (59*11,N 
2°47'W) on to the Isle of May (see Fig. 2.1.2). Unlike May 
mice which were to all intents and purposes allozymically 
monomorphic, Eday mice have allozymic variation (H=6.4% for 
76 loci screened in 96 mice, R.J. Berry, unpublished) . Eday 
mice are also homozygous for three Robertsonian 
translocations: Rb(3.14), Rb(4.10), and Rb(9.12) (Nash,
Brooker & Davis, 1983).

As a consequence of introducing mice, 14 loci are now known 
to be polymorphic on the Isle of May, and three 
Robertsonian translocations are segregating.

The isolated nature of the Isle of May makes it very 
suitable for study (uninhabited except for summer bird
watchers, and 10 km from the Fife coast). There is a very 
low likelihood of immigration of animals. Apart from 
mutation, post-introduction changes can only be a 
consequence of introducing mice.

R. J. Berry and his associates (Berry et al., 1991) carried 
out a mark-release-recapture census on the May in April 
1982 using 185 Longworth traps distributed in 37 groups 
spread over the whole island. Using a calculation based on 
the ratio of mice caught in extensive low density trapping 
when compared with saturation trapping of parts of the 
island, they estimated that the total island population was 
around 1000 individuals, with approximately equal numbers
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of males and females. They cleared an area in the south of 
the island of native mice, and introduced Eday mice into 
this area. The 18 native mice they removed have been 
maintained as a laboratory colony.

The island was next visited in September 1982, and has 
subsequently been visited in spring and autumn each year 
coinciding with the beginning and end of the breeding 
season (Berry et al., 1991) . Traps were set in the same
positions as in spring 1982. All the animals caught were 
sexed, weighed, individually marked, and a small blood 
sample taken from the retro-orbital sinus. Animals were 
released at the site of capture. In the Autumn of 1983, and 
each subsequent autumn, about 50 mice were taken off the 
island and killed in the laboratory for further studies 
including chromosome, morphometric, DNA, and enzyme 
variation.
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5. INTRODUCTION OF ROBERTSONIAN MICE ON TO THE ISLE OF MAY.

5.1. MATERIALS AND METHODS

Five house mouse samples were live trapped at random 
locations different times after the introduction (see 
Chapter 4 for details of the release experiment, and 
subsequent trapping) and karyotyped: 18 months (70
animals), 3 0 months (51 animals), 42 months (43 animals), 
54 months (59 animals), and 66 months (79 animals).

Somatic karyotype analyses were conducted on G-banded 
metaphase spreads of peripheral blood lymphocytes obtained 
by orbital sinus puncture and culture (Fig. 5.1.1) 
(Buckland, Evans, and Sumner, 1971; Triman, Davisson, and 
Roderick, 1975) ; and bone marrow cells obtained by direct 
chromosome preparation (Ford, 1966). The karyotype was 
determined from at least three high quality G-banded cells, 
an additional three cells were used for chromosome counts. 
Male meiotic preparations (Fig. 5.1.2) (Evans, Breckon, and 
Ford, 1964) were made from original May, Eday, and FI Eday 
May hybrids bred in the laboratory. In the meiotic study, 
non-disjunction estimates were made following the method of 
Cattanach and Moseley (1973). G-statistics were used in all 
cases to test for heterogeneity in frequency data (Sokal 
and Rohlf, 1981).
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Likelihood analysis:

where fi and fi are the observed and expected frequencies 
respectively.
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Figure 5.1.1 G-banded karyotype of an Isle of May house 
mouse heterozygous for three Robertsonian 
translocations, Rb(3.14), Rb(4.10) and 
Rb(9.12) (2n=37, N.F.=40)
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Figure 5.1.2 Orcein stained chromosomes prepared from
testis, heterozygous for Rb(3.14), Rb(4.10) 
and Rb(9.12) (2n=37).
A) mitotic cell. B) diakinesis cell showing 
17 configurations including three trivalents 
(arrowed). C) metaphase II cell with a 
balanced complement of 2 0 chromosome arms 
including one metacentric (arrowed). D) 
metaphase II cell with an unbalanced 
complement of 21 chromosome arms (two 
metacentrics)
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5.2 RESULTS

In total, 302 mice were scored in five samples caught each 
September from 1983 to 1987 inclusive. There were no 
significant differences in chromosome frequencies between 
males and females. Chromosome frequencies for pooled sexes 
of all post-introduction samples are given in Table 5.2.1. 
There were no significant deviations from Hardy-Weinberg 
expected frequencies at the 5% probability level.

The estimated introduction frequency in April 1982 for each 
centric fusion was 8%. Within 18 months of introduction 
(Sept. 1983), each centric fusion had increased 
significantly in frequency and approached 50% in the 
population (Fig. 5.2.1). Heterogeneity between different 
chromosome frequencies was not significant at the 5% 
probability level. At that time every mouse karyotyped was 
hybrid, segregating for at least one Eday chromosome or 
allele; none of the mice screened in Sept 1983 had the 
original May or Eday genotypes. Dividing the island in two 

(Fig.5.2.2a), heterogeneity in chromosome frequency was not 
significant between "north" and "south", or between 
chromosomes.

The frequencies of introduced chromosomes increased at a 
slower rate after Sept 1983, apparently stabilizing by 
Sept. 1986 at a value around 65% for all three fusions 
(Fig. 5.2.1). Each chromosome was still distributed over
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the whole of the island (Fig. 5.2.2b), but there was a 
significant difference (p<0.05) in Rb(3.14) frequency, 
between the "north" (0.71) and the "south" (0.55). This was 
due to a lower frequency in the "south" rather than a 
higher frequency in the "north", as shown by a significant 
heterogeneity (p<0.05) between the frequencies in the 
"south". Heterogeneity in chromosome frequency was not 
significant between "north" and "south" for Rb(4.10) or 
Rb(9.12), or between chromosomes in the "north".

5.2.1 Male non-disiunction at anaphase I

In total, 1600 cells were scored from eight mice 
representing three karyotypes: Eday (3 mice); May (2 mice), 
and FI hybrid (3 mice). Table 5.2.1.1 shows chromosome 
counts and frequencies of non-disjunction. Heterogeneity 
between individual mice within each karyotype was not 
significant at the 5% probability level. Pooling mice by 
karyotype, and using "less than or equal to 20" versus 
"greater than 20", showed heterogeneity between karyotypes 
was significant (p<0.001). Heterogeneity between May and 
Eday karyotypes was not significant at the 5% probability 
level. Eday and May karyotypes had similar rates of non
disjunction (two and three per cent respectively), the FI 
karyotype had a significantly greater rate (13%) (using the 
2 X hyperploid frequencies which are the better estimates 
of non-disjunction because they are less affected by cell 
breakage).
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Table 5.2.1 Frequencies of chromosomes and allozyme 
alleles^ introduced on to the Isle of May. N 
is the number of mice. EE, EM, and MM are
Eday , hybrid. and May type.

95% CONFIDENCE
FACTOR N EE EM MM pE LIMITS FOR pE
SEPT 1983
Rb(3.14) 70 17 31 22 0.48 0.39 - 0.57
Rb(4.10) 70 16 33 21 0.46 0.38 - 0.55
Rb(9.12) 70 19 33 18 0.51 0.42 - 0.59
Es-3^ 65 17 29 19 0.48 0.40 - 0.57
Es-9‘ 68 16 42 10 0.54 0.44 - 0.65
Es-11' 70 17 39 14 0.52 0.44 - 0.61
Pqm-3'’*’ 70 16 36 18 0.49 0.40 - 0.57
POOLED 483 118 243 122 0.50
SEPT 1984
Rb(3.14) 51 13 29 9 0.54 0.45 — 0.65
Rb(4.10) 51 10 30 11 0.49 0.39 - 0.59
Rb(9.12) 51 26 21 4 0.72 0.62 - 0.81
POOLED 153 49 80 24 0.58
SEPT 1985
Rb(3.14) 43 15 22 6 0.61 0.49 - 0.71
Rb(4.10) 43 16 22 5 0.63 0.52 - 0.73
Rb(9.12) 43 25 14 4 0.74 0.64 - 0.83
POOLED 129 56 58 15 0.66
SEPT 1986
Rb(3.14) 59 22 30 7 0.63 0.54 — 0.72
Rb(4.10) 59 27 28 4 0.70 0.59 - 0.78
Rb(9.12) 59 22 32 5 0.64 0.54 — 0.73
Es-3*' 59 31 17 11 0.67 0.57 - 0.74
ES“9' 59 14 33 12 0.52 0.42 - 0.65
Es-11' 59 25 27 7 0.65 0.55 - 0.78
Pom-l'b 59 24 27 8 0.64 0.53 - 0.77
POOLED 413 165 194 54 0.63
SEPT 1987
Rb(3.14) 79 30 32 17 0.58 0.49 - 0.65
Rb(4.10) 79 39 35 5 0.72 0.63 - 0.79
Rb(9.12) 79 35 36 8 0.67 0.58 - 0.74
POOLED 237 104 103 30 0.66
1 Berry, R.J., unpublished data.
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Table 5.2.1.1 Estimates of non-disjunction at anaphase I
in FI Hybrid, Eday, and May male mice.

CHROMOSOME NUMBER
FREQUENCY OF (%) 
NON-DISJUNCTION

MALE
GENOTYPE N 18 19 20 21 22 >20X2 <20 + >

EDAY 200 4 13 179 4 0 4 11
EDAY 200 1 13 184 2 0 2 8
EDAY 200 3 20 174 3 0 3 13
POOLED 600 8 46 537 9 0 3 11
MAY 200 1 10 188 1 0 1 6
MAY 200 2 17 179 2 0 2 11
POOLED 400 3 27 367 3 0 2 8
FI 200 3 14 169 12 2 14 16
FI 200 3 13 171 13 0 13 15
FI 200 2 19 166 13 0 13 17
POOLED 600 8 46 506 38 2 13 16
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Figure 5.2.1 Overall changes in the frequencies of the 
introduced Robertsonian translocations
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Figure 5.2.2a Distributions of introduced centric fusions 
in Sept.'83. Each fusion had increased 
significantly in frequency. The transformed 
population is behaving as a panmictic unit. 
The dashed line represents an arbitrary 
division of the island for comparison of 
north with south. ■ Homozygous Rb;
U heterozygous Rb; □ homozygous non

fused; X introduction site.

250 m

SB BmwO

□ h

" o x * a ■ ■

74



Figure 5 . 2 , 2 b Distributions of introduced centric fusions 
in Sept'83 and Sept'86. Each fusion had 
increased significantly in frequency, 
apparently stabilizing around 65%. The 
transformed population is behaving as a 
panmictic unit. The dashed line represents 
an arbitrary division of the island for 
comparison of north with south.
B Homozygous Rb; U heterozygous Rb;
□ homozygous non-fused; X introduction 

site.
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5.3 DISCUSSION

Three allozyme alleles were introduced at the same 
frequency as the Robertsonian translocations; Es-3\, Es-9", 
Es-11* are fixed in Eday mice, and were absent from May 

mice. In addition, Eday mice segregate for Perm-3* and Pgm-3*' 
while May mice were fixed for Pom-3° (R.J. Berry and

associates, unpublished). Berry's unpublished 
electrophoretic data for mice collected from the island in 
Sept 1983 and Sept 1986 are also presented in Table 8, Pom- 
3*"̂  ̂ have been treated as a single "allele". Significant 
deviations from Hardy-Weinberg expected frequencies were 
found for Es-9* in Sept 1983, and Es-3*’ in Sept 1986 
(although Es-3^ was in Hardy-Weinberg proportions in the 
much larger total blood sample [Berry et al. (1991)], of 
which the karyotyped Sept 1986 sample is a sub-set).

Each chromosome and allele differed significantly in 
frequency between introduction in Apr 1982 and Sept 1983, 
and there was no significant heterogeneity between 
chromosome and allele frequencies at the 5% level. The 
pooled frequency was 0.5 (Fig. 5.3.1).

With the exception of Es-9*, every chromosome and allele 

increased in frequency between Sept 1983 and Sept 1986 
(Table 5.2.1)(Fig. 5.3.1). However, Es-9* is difficult to 

score with homozygotes sometimes mis-scored as 
heterozygotes (P. King, pers. com.), so the frequency of
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Es-9* may have been underestimated. Increased frequencies of 
Rb(4.10) and Es-3^ were significant at the 0.1% probability 
level; Rb(3.14) and Rb(9.12) at the 5% probability level; 
for Es-11* and Pgm-3*’*’ the increases were not significant. 

There was no significant heterogeneity in frequency between 
chromosomes and alleles in Sept 1986. The pooled chromosome 
and allele frequency was 0.63. The increase in pooled 
frequency between Sept 1983 and Sept 1986 was significant 
at the 0.1% probability level.

Introducing Eday mice on to the Isle of May resulted in the 
successful introgression and stabilization of chromosomes 
and genes within a short time. The transformed population 
is behaving to all intents and purposes as a panmictic unit 
with chromosomes and genes segregating according to Hardy- 
Weinberg expectations.
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Figure 5.3.1 Overall changes in the frequencies of centric 
fusions and allozymes introduced at the same 
frequency. The order is: Rb(3.14); Rb(4.10); 
Rb(9.12); Es-3^; Es-9"; Es-11'; Pom-3*’̂. The 
bars are 95% confidence limits for the 
binomial distribution.
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6. THE EFFECT OF HYBRIDIZATION ON MANDIBLE MORPHOLOGY.

6.1 MATERIALS AND METHODS.

Five house mouse samples were used in this study. Two 
samples were live trapped using Longworth small mammal 
traps on the Isle of May before the introduction. They were 
subsequently pooled on finding no statistically significant 
difference between them (49 animals). The other samples 
were: one rick-caught sample from Eday (from the same farm 
as the introduced mice) (67 animals), and two samples live 
trapped on the Isle of May 18 months (40 animals) and 54 
months (39 animals) after the introduction.

The mandible was chosen for study because of its relatively 
flat shape and the ease with which repeatable measurements 
can be made. The mandible provides information on both size 
and shape. Mandible shape was used very successfully by 
resting (1972) in identifying different inbred strains of 
mice, and by Davis (1983) who applied Festing's methods to 
distinguish between different populations of wild British 
House mice. On these (and other) grounds mandible size and 
shape have been concluded to be moderately to highly 
inherited characters in the laboratory mouse (Thorpe, 1981; 
Thorpe & Leamy 1983).
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Mouse heads were boiled for 40 minutes in tap-water before 
incubation in a solution of commercially available laundry 
powder ("Bio-tex”) at 37°C for several days (after Davis, 
1983) . Flesh removed, the bones were then washed in tap- 
water and dried overnight at the same temperature.

In order to minimise overall size differences, only animals 
assigned to dental wear stages three and four (Lidicker, 
1966) , were used in the study. This represents mice of 
approximately 60 to 180 days old. For each sample, no 
difference in either size or shape was found between mice 
of age class three and age class four. However, it should 
be noted that the post-introduction mice used in this 
analysis may be slightly older than their molar wear would 
suggest. Unlike pre-introduction May and Eday mice which 
were killed within ten days of capture, post-introduction 
May mice were kept for three months whilst chromosome 
studies were carried out. We do not believe that this has 
had any complicating effect for the following reason. Green 
& Fekete (1933) investigated differential growth in the 
mouse. They measured many different bones including the 
scapula, tibia, radius, ulna, metacarpels and femur. They 
concluded that all these bones had attained their 
approximate maximum length by 91 days, with the most rapid 
rate of growth completed by 31 days of age. More recently 
a similar result was shown for the mandible with little 
growth after 91 days (Lovell, Totman & Johnson, 1984).
Only right mandibles (RM) were used. No sexual dimorphism
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was found so males and females were pooled. To avoid 
possible seasonal fluctuations only mice caught in 
September were compared in this analysis. Ten measurements 
were made on each mandible based on those used by Festing 
(1972) and Davis (1983) (Fig. 6.1.1).

The data were analyzed using both univariate and 
multivariate statistics. Two multivariate statistical 
techniques were employed. Canonical discriminant analysis 
(CDA), which maximises between sample variance while 
minimising within sample variance, was used to separate the 
samples on the basis of both size and shape, with sample 
variances standardised to one. Mahalanobis generalised 
distances (D̂ ) were calculated from this analysis. Principal 

component analysis (PGA) was used in order to resolve the 
relative contributions of size and shape to the total 
variation observed. Statistical Analysis Systems software 
was used for all calculations (SAS Institute, 1985) .
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Figure 6 .1.1 The 10 measurements made on right mandibles, 
also showing PCA 2nd component (shape) 
loadings: ---  positive; - ---negative.
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6.2 RESULTS

6.2.1 CANONICAL DISCRIMINANT ANALYSIS AND PRINCIPAL
COMPONENT ANALYSIS OF RIGHT MANDIBLE MEASUREMENTS

Univariate statistics for all samples are given in Table
6.2.1. CDA and PCA were carried out on 195 observations 
with 10 variables. CDA separated the samples quite clearly 
(F=139.9, p <0.01) (Fig. 6.2.1). Mahalanobis generalised 
distances (D̂ ) between pre-introduction May and Eday, pre
introduction May and post-introduction May (Sept 1983 and 
Sept 1986) , and Eday and post-introduction May are all 
highly significant (p <0.01). D̂  between Sept 1983 and Sept 
1986, although considerably reduced, is highly significant 
(p <0.01) (Table 6.2.2). D̂  between the two May samples 
preceding the introduction was not significant at the 5% 
probability level. The post-introduction May samples are 
quite distinct from their progenitors. The first two 
canonical axes account for 99% of the sample differences.

PCA was used to resolve size and shape differences between 
the samples. The samples were not defined a priori. The 
first principal component in this case accounts for 84% of 
the variation. Table 6.2.3 shows that all the mandible 
measurements have a positive loading of similar magnitude. 
This is interpreted as being a size component. The other 
principal components are believed to be mainly shape and 
account for the remainder of the variation.
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Table 6.2.1 Age and mandible measurements of pre
introduction May, introduced Eday, and post
introduction hybrid mouse samples.

pre-introd Eday Sept '83 Sept '86
N=49 N=67 N=40 N=39

variable mean S mean S mean S mean S

age 3.3 ±0.46 3.3 ±0.44 3.5 ±0.5 13.4 ±0.49
RMl 12.7 ±0.52 15.0 ±1.02 15.6 ±0.74 14.7 ±0.79
RM2 17.7 ±0.55 20.6 ±1.24 21.6 ±1.15 20.9 ±1.17
RM3 36.7 ±0.88 37.7 ±2.49 40.1 ±1.53 39.0 ±1.44
RM4 40.0 ±0.96 40.2 ±2.60 43.1 ±1.71 42.0 ±1.56
RM5 45.5 ±1.12 47.4 ±3.03 50.3 ±1.60 49.2 ±1.59
RM6 61.4 ±1.49 66.9 ±4.26 69.0 ±2.61 68.9 ±2.35
RM7 65.6 ±1.89 72.4 ±4.75 73.8 ±3.23 73.7 ±2.89
RMS 79.9 ±1.63 82.3 ±4.42 85.9 ±2.70 85.0 ±2.49
RM9 90.2 ±1.97 92.7 ±6.22 97.1 ±3.67 96.5 ±3.03
RMIO 93.4 ±2.18 95.2 ±5.85 101.6 ±3.09 101.0 ±2.63
S - standard deviation. Sept'83 Sept'86 - post-introduction 
May samples. Age - molar wear stage, mandible measurement 
units are arbitrary.
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Table 6.2.2 Comparison of Mahalanobis (D̂ ) and Nei's 
genetic distances using ten mandible 
measurements and 19 electrophoretic loci 
respectively. All Mahalanobis distances are 
significant at the 1% probability level.

Eday Sept'83 Sept'86
pre-introd. 11.02 10.23 11.10

0.241 0.056 n/ai NEI

Eday - 11.51 11.24 0%
0.059 n/ai NEI

Sept'83 - - 2.21 0%
n/a NEI

^Although these data are not available for 
Sept'86, they are likely to be similar to 
Sept'83.
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Table 6.2.3 Principal component analysis of pooled sample 
mandible measurements showing component 
loadings and proportion of the total 
variation.

Eigen vectors

character
COMF1
(84%)

C0MP2
(9%)

C0MP3
(3%)

RMl 0.29 0.49 0.38
RM2 0.29 0.54 0.17
RM3 0.32 -0.29 0.38
RM4 0.30 -0.43 0.39
RM5 0.33 -0.15 0.26
RM6 0.33 0.18 -0.26
RM7 0.32 0.24 -0.31
RMS 0.33 -0.11 -0.25
RM9 0.32 -0.20 -0.37
RMIO 0.33 -0.19 -0.30
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Figure 6.2.1 A plot of the first versus second canonical 
variables showing clear separation of the 
samples: #  pre - i n t r o d u c t i o n  May; □  p o s t 
introduction M a y  (Sept. 1983) ; B  p o s t 
introduction M a y  (Sept. 1 9 8 6 ), ■ Eday.
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Figure 6.2.2 shows a plot of shape (2nd component) versus 
size (1st component). The samples are clearly distinguished 
both by size and shape. Post-introduction Sept 1983 and 
Sept 1986 mice are significantly larger than both Eday and 
pre-introduction May mice. Eday mice are significantly 
larger than pre-introduction May mice, but Sept 1983 mice 
are not significantly larger than Sept 1986 mice (F=53.0, 
p <0.01; TUKEY'S studentized range test, minimum 
significant difference (MSD) = 0.276, p <0.05). This is a 
multivariate indication of heterosis affecting size. Indeed 
the post-introduction mice have the greatest mean values 
for all the mandible measurements (Table 6.2.1). The 
difference between Sept 1983 and mid-parent values (pre
introduction May and Eday) range from 1.7 for RMl and get 
progressively larger reaching 7.3 for RMIO which is the 
largest measurement. Expressing the deviations as 
percentages makes possible the comparison of deviations for 
each measurement. The average Sept 1983 and Sept 1986 mice 
are respectively 8.2% and 6.0% larger than the average mid
parent value.

The second component (assumed to represent the major shape 
component) accounts for 9% of the variation. Mean Sept 1983 
and Sept 1986 mice have the same shape, but significantly 
different shape to Eday and pre-introduction May mice. Eday 
mice have a significantly different shape to pre
introduction May mice (F=68.3, p <0.01; TUKEY MSD = 0.358, 
p<0.05). Pre-introduction May mice and Eday mice have mean
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values of -0.97 and 0.81 respectively for the second 
component. The post-introduction mice have mean values of - 
0.11 and -0.06. Post-introduction mice are therefore 
intermediate with respect to mandible shape. Table 6.2.3 
shows that four of the mandible measurements have 
substantial positive loadings, and six negative loadings. 
Figure 6.1.1 shows to which areas of the mandible these 
measurements correspond. RM6 and RM7 describe the coronoid 
process, RMl and RM2 describe the incisor region.

The third principal component accounts for 3% of the total 
variation. Sept 1983 mice have a significantly greater mean 
positive value than the others and Sept 1986 a 
significantly greater mean negative value than Sept 1983 
and Eday, but not pre-introduction May. The positive 
loadings are height measurements and the negative loadings 
length measurements (Table 6.2.3, Fig. 6.1.1). This 
component may reflect the period that post-introduction 
mice were kept in the laboratory. It was observed that 
older mice tend to grow differentially with respect to 
mandible length and height.
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Figure 6.2.2 A plot of the first (size) versus second 
(shape) principal components showing 
separation of the samples both by mandible 
size and shape: # pre-introduction May;
□ post-introduction May (Sept. 1983);
□ post-introduction May (Sept. 1986);
■ Eday; -|— mean.
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6.2.2 RIGHT MANDIBLE SIZE AND SHAPE

Figure 6.2.3a shows diagrammatic representations of mean 
pre-introduction May, post-introduction May (Sept 1983), 
and Eday mice, using the measurements in Table 6.2.1. Post
introduction mice are by far the largest and this makes 
comparison of shape difficult. For this reason Figure 
6.2.3b shows mean size-corrected data. To correct for size 
each measurement was divided by the greatest length. Having 
corrected for size. Figure 6.2.3b shows shape variation. 
The coronoid process and incisor region are responsible for 
the shape differences. Post-introduction May mice are 
clearly intermediate. Eday mice have far greater curvature 
of both the coronoid process and the incisor region.
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Figure 6.2.3a Diagrammatic representation of mean mandible
size (see Table 6.2.1).------ Eday;
 ---   pre-introduction May;  post
introduction May (Sept. 1983).

Figure 6.2.3b Diagrammatic representation of size-
corrected mean mandibles - shape (each 
measurement RMI-RMIO divided by RMIO 
the greatest length) ; ----- Eday;   pre
introduction May; post-introduction May
(Sept. 1983).
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6.2.3 RIGHT MANDIBLE VARIANCE

Correcting for scaling by dividing each character datum by 
its mean for each sample (standardising means to one) , 
Table 6.2.4 shows that for each character post-introduction 
(Sept 1983) sample variances are greater than the pre
introduction sample variances. In every case, except for 
the smallest character RMl, this is statistically 
significant with F-values ranging from 1.67 to 3.00 
(p<0.05). The multivariate estimate of variance {S\) is 
equal to the sum of the univariate estimates of variance 
for j characters (Van Valen, 1974). Mandible variance post
introduction is significantly greater than pre-introduction 
(F=2.19, p <0.01).

Morphometric or phenotypic variance is the sum of the 
genotypic and environmental variances, Vp=Vg4-Vg (Falconer, 
1981: 112). It was stated earlier that pre-introduction May 
mice were electrophoretically monomorphic. Assuming they 
are effectively highly inbred, Vq=0 and Vp=V£. Further, 
assuming that the environmental variance is the same post
introduction, genotypic variance is obtained by subtracting 
the environmental variance from the phenotypic variance, 
thus Vq=Vp-Ve (values are given in Table 6.2.4) . Heritability 

in the broad sense is V^/Vp = 86.206/158.325 = 54%. Thus 54% 

of the total mandible variation in the post-introduction 
(Sept 1983) sample is due to genetic differences, and 46% 
to non-genetic differences.
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Table 6.2.4 Pre-introduction and post-introduction 
(Sept'83) sample variances for means 
standardised to one.

pre-
Sept'83 introd. F-value

character Vo+Ve
(xlÔ ) VE,(xlO*)

Vo+Ve/Ve Vo , (xlO*)
Vo/Vp

%

RMl 22.521 16.502 1.36 6.019 27
RM2 28.523 9.581 2.98 ** 18.942 66
RM3 14.606 5.739 2.55 ** 8.867 61
RM4 15.722 5.719 2.75 ** 10.003 64
RM5 10.084 6.050 1.67 * 4. 034 40
RM6 14.270 5.858 2.44 ** 8.412 59
RM7 19.185 8.297 2.31 ** 10.888 57
RM8 9.882 4.166 2.37 ** 5.716 58
RM9 14.294 4.762 3.00 ** 9.532 67
RMIO 9.238 5.445 1.70 * 3.793 41

Total (S\) 158.325 72.119 [2.19]** 86.206 54
Vq - genotypic variance, Vg - environmental variance,

- heritability in the broad sense, - multivariate
estimate of variance equal to the sum of the univariate 
variances, * p<0.05, ** p<0.01
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6.3 COMPARISON WITH ELECTROPHORETIC DATA

Since the introduction in April 1982, six allozymic loci 
(Ada, Car-2. Es-3. Es-10, Gda. and Hbb) have been routinely 
screened from blood twice a year (Berry et , 1991) . The 
population was sampled in the spring when the population is 
at its lowest after winter mortality, and in September when 
the population is at its highest at the end of the breeding 
season.

Each locus has an introduced allele not present in the 
original May population; each of the six introduced alleles 
have increased in frequency. Figure 6.3.1 shows a plot of 
a principal component analysis combining all six blood 
markers. The first component accounts for 84% of the total 
variation and summarises the principal change due to the 
introduction, the increase in frequency of the six 
introduced alleles. By September 1983 the population had 
apparently reached stability. This is characterised on the 
plot by movement only with respect to the second component. 
With respect to the first component May has a value of 3.5, 
Eday -5.0, and Sept'83 -0.4. Post-introduction mice are 
clearly intermediate. The second component accounts for 7% 
of the total variability and reflects seasonal fluctuations 
around the equilibrium point.
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A hybrid index was devised in order to investigate 
introgression at the level of the individual. The value of 
the index for any individual is egual to the number of 
introduced alleles, the index range is from zero to 12. May 
mice from before the introduction had a score of zero. 
Introduced Eday mice had a mean score of 4.53, ranging from 
two to seven. Post-introduction the index rapidly increased 
to 2.27 by September 1983, precisely half the Eday value. 
The index subsequently progressed at a much reduced rate of 
approximately 0.3 half yearly. From September 1983 onward, 
every animal screened has been a hybrid, having at least 
one Eday allele or Robertsonian translocation.

King and Bauchau (unpublished) have analyzed a number of 
British house mouse populations including pre-introduction 
May, Eday and Sept 1983 by cluster analysis of allozyme 
data. They calculated Nei's distance based on 19 allozyme 
loci. The distances are given in Table 6.2.2 which also 
includes from this study. In order to compare the 
morphometric and biochemical studies, I have expressed 

and Nei's distance between pre-introduction May and post
introduction May, and Eday and post-introduction May as a 
ratio. The ratios for are 0.89 for Sept 1983, 0.99 for 

Sept 1986 and 0.95 for Sept 1983's Nei's distance. Post
introduction May mice are therefore mid-way between May and 
Eday. Nei's distance between May and Eday is of the order 
of sub-species.
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within only 18 months, mice on the Isle of May went from 
electrophoretic monomorphism to considerable polymorphism. 
Table 6.3.1 compares electrophoretic with morphometric 
variability. Electrophoretic variability was estimated 
using the average proportion of individuals heterozygous 

per locus (H), using 17 loci (Aco-l, Ada. Car-2. Es-3.
Es-9. Es-10. Es-11. Gda. God-1. Hbb. Idh-1. Mod-1, Mod-2, 
Perm-3 , Tam-2 . Trf, and Xld) . Morphological variability was 
estimated using multivariate coefficients of variation 
(CVJ .

CV„ = 100S„/(SX̂ j)̂ ^̂  (Van Valen, 1974)

s\ is the multivariate estimate of variance (see Table 6.2.4)

Post-introduction May mice are clearly more variable 
electrophoretically and morphologically than pre
introduction May mice.
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Figure 6.3.1 Principal component analysis of six allozyme 
loci (Ada. Car-2, Es-3. Es-10. Gda and Hbb) 
routinely screened from blood twice per 
year, showing an increase in frequency of 
the six introduced alleles, and the 
attainment of equilibrium at approximately 
half the frequency found in introduced Eday 
mice.
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Table 6.3.1 Estimates of electrophoretic and morphological 
variability.

electrophoretic
variability

morphological
variability

sample
no. of 
loci P H

sample
size cv.

pre-
introd.

17 0 0 49 2.37

Eday 17 0.71 0.266 67 6.28
Sept'83 17 0.71 0.282 40 3.61
Sept/86 17 n/a^ n/a* 39 3.23

P - proportion of loci polymorphic (commonest allele <95%),
H - average proportion of individuals heterozygous per 
locus,
CV„ - multivariate coefficient of variation.
^although these data are not available, P & H are likely to 
be similar to Sept'83.
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6.4 DISCUSSION

Original Isle of May House mice and Eday house mice are 
clearly different with respect to mandible size, shape and 
some allozyme alleles. Eday mice have greater curvature of 
the coronoid process and the incisor region. They are also 
polymorphic for several allozymes, while pre-introduction 
May mice were effectively monomorphic. Nei's distance based 
on 19 allozymes approaches the level commonly found between 
sub-species.

Introducing mice from Eday on to the Isle of May resulted 
in significant morphological and electrophoretic changes in 
the population within only 18 months. The morphometric and 
allozyme data are in very good agreement. Mandible shape, 
hybrid index and Nei's genetic distance place the post
introduction sample almost exactly mid-way between pre
introduction May and Eday by September 1983.

Some studies using laboratory mouse strains do not show 

agreement between allozyme data and mandible shape (see 
Wayne & O'Brien, 1986; Fitch & Atchley, 1987). However, 
resting & Roderick (1989) found a highly significant 
correlation (r=0.72 p<0.01) between genetic distance based 
on single loci, and skeletal morphology (including the 
mandible). Furthermore, they re-analyzed Wayne & O'Brien's 
(1986) data and showed that log transforming the 
Mahalanobis distances for size corrected data, and using
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additional skeletal measurements, increased the correlation 
between the data from 0.24 to 0.63 (p<0.01). Testing &
Roderick (1989) also criticise the choice of inbred strains 
used by Wayne & O'Brien (1986) and Fitch & Atchley (1987) 
because few of the strains used were closely related and 
none distantly related. The Isle of May study shows that 
allozyme data and mandible shape correlate in a wild mouse 
population.

Post-introduction samples show more electrophoretic and 
morphometric variation than the pre-introduction sample, 
with 100% of the former, and 54% of the latter attributable 
to genetic differences between individuals. The average 
heterozygosity of the post-introduction sample is similar 
to the Eday sample. However, the Eday sample shows 
considerably more morphological variation . Possibly the 
explanation lies in the nature of their respective 
environments. The Eday sample was rick-caught, whilst the 
post-introduction sample came from a free-living habitat. 
Mice, because they have a high surface area to volume 
ratio, are at a disadvantage in cold weather because of 
rapid heat loss. A rick provides an ideal environment for 
mice; shelter, virtually unlimited food which does not 
require foraging outside of it, nest-material, and an even 
temperature (see Southern & Laurie, 1946). Conversely, food 
is more likely to be a limiting resource on the Isle of 
May, requiring mice to leave the shelter of their burrows. 
On the Isle of May mice will be at a selective advantage if
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they have a lower surface area to volume ratio (i.e. if 
they are larger) with less rapid heat loss. In the rick 
environment, selection pressure would be reduced, resulting 
in the survival of more extreme size deviants and thus more 
morphological variation.

Interestingly, pre-introduction May mice used to huddle 
together in their burrows (Triggs, 1977) , and may even have 
used torpor as an adaptation to cold weather (Jakobson, 
1981). It is not known if post-introduction May mice behave 
in this way.

This study shows that significant morphological change, 
completely in agreement with allozyme data available, 
occurred over a very short period in a feral population of 
house mice. This change is a clear example of introgressive 
hybridization.
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7. DISCUSSION

Introducing Eday mice on to the Isle of May resulted in the 
successful introgression and stabilization of chromosomes 
and genes within a short time. The transformed population 
is behaving to all intents and purposes as a panmictic unit 
with chromosomes and genes segregating according to Hardy- 
Weinberg expectations. By Sept 1983 introduced allozymes 
and chromosomes had approached half their Eday value. A 
hybrid index using six blood allozymes was 2.27 in Sept 
1983, half the Eday value of 4.53. Also, Eday and May mouse 
mandibles are significantly different in shape. Hybrid 
mouse mandibles in Sept 1983 and Sept 1986 were 
intermediate in shape to Eday and May mandibles.

7.1 THE SUCCESSFUL INTRODUCTION OF MICE IS UNEXPECTED

The successful introduction is unexpected because it could 
not have been predicted from previous studies (Berry et 
al., 1991). It is generally believed that immigrants into 
an established population are unlikely to be reproductively 
successful (Reimer & Petras, 1967). Mouse populations are 
often found divided into small breeding units (demes) 
occupying small areas (in barns etc.) (Klein, 1975).

The Great Gull island study is a particularly relevant 
example because it introduced mice into an existing 
population. Anderson, Dunn and Beasley (1964) released t-
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heterozygous male mice on to Great Gull Island where no t- 
allele was present. The t-allele was expected to increase 
in frequency because it has a 95% transmission rate by 
males. The t-allele became established in the immediate 
area of its introduction within the first two breeding 
seasons. However, it then spread only very slowly. Social 
and ecological factors were thought to limit spread of the 
t-allele (Anderson et al., 1964). The allele eventually
disappeared from the population (Myers, 1974).

However, examples of less rigid social structures have also 
been reported. Singleton (1983) monitored the spatial 
organisation, genetic structure and turnover rate of an 
unconfined commensal colony of mice at Healesville Wildlife 
Sanctuary, and identified four breeding units, each 
consisting of one or two males, and two or three females. 
Movement between demes was rare, but the life span of a 
deme ranged only from two to seven months. When taken over 
the main breeding season, the short life-span of a deme 
probably meant that social organisation only had a 
temporary effect on the genetic composition of the 
population.

Also, Baker (1981) introduced a haemoglobin (Hbb) 
polymorphism into a commensal mouse population living in 
and around chicken coops. Females homozygous for the Hbb* 

allele were introduced at about 5% of the estimated 
population. The rate of spread of the introduced allele
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would test the effectiveness of the social organisation in 
preventing strangers from entering the social group. The 
allele spread rapidly through the entire population of the 
farm.

The rapid spread and stabilization of introduced 
chromosomes and genes into an existing population on the 
Isle of May means that a rigid social structure cannot be 
sustained in this instance (Berry et , 1991) .

7.2 ARE ROBERTSONIAN TRANSLOCATIONS UNDERDOMINANT?

If centric fusions are underdominant (negatively 
heterotic) , then extensive Robertsonian polymorphism should 
be rare. This holds true regardless of the effective 
population size (Ne). Where Ne is small, new rearrangements 
will tend to be either rapidly fixed, or eliminated. Where 
Ne is large, new rearrangements will tend to be eliminated 
(Lande, 1979).

Therefore, the establishment of an extensive Robertsonian 
polymorphism on the Isle of May is evidence that the 
introduced centric fusions are not strongly underdominant. 
Additional evidence comes from comparisons of the observed 
frequencies of heterozygotes and homozygotes to those 
expected under Hardy-Weinberg equilibrium. No significant 
deviations were found. The lack of obvious underdominance 
is corroborated by meiotic studies on rates of anaphase I
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nondisjunction where even for triple heterozygotes the 
frequency is modest at 13%. This approximates to about 4% 
per fusion which is consistent with non-disjunction rates 
found for mice heterozygous for Caithness centric fusions 
which probably have a common origin. Caithness Rb(9.12) and 
Rb(4.10) have non-disjunction rates of 4% and 0-2% 
respectively (Wallace, Searle and Everett, 1992).

Furthermore, the centric fusions have not done better or 
worse than other genetic factors introduced at the same 
time. The new equilibrium frequencies are in proportion to 
the introduction frequencies (approximately 65%) , 
irrespective of the chromosome they are carried on.

If Robertsonian heterozygotes are not selected against, 
they may be either neutral or at a selective advantage. If 
they are neutral then the frequencies of the polymorphisms 
are determined by the mutation rate and genetic drift. An 
extremely high mutation rate would be required to explain 
the changes observed on the Isle of May in the first 18 
months after the introduction of mice (probably only seven 
generations), and therefore must be considered unlikely. An 
alternative explanation may be that fused and nonfused 
homozygotes are randomly fixed in small isolated demes for 
short periods, followed by periods of expansion and 
interbreeding. However, there is a striking uniformity in 
the distribution of centric fusions over the island which 
would seem to preclude this.
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If the centric fusions are at a selective advantage, and 
are sufficiently heterotic, then the frequencies of 
heterozygotes may exceed those expected under Hardy- 
Weinberg equilibrium. There is no convincing evidence for 
heterozygote excess in May mice. However, Baker et al. 
(1983) suggest that heterozygote excess over Hardy-Weinberg 
expectation may maintain polymorphism by heterosis in 
Geomvs. Also, Corti et al. (1990) in their study of an area 
of hybridization in central Italy between the 'CD' 22 
chromosome race and populations with 40 chromosomes, found 
more heterozygotes than expected. They question how 
populations of the house mouse can bear such high levels of 
structural heterozygosity, and why the hybrid zone is 
increased rather than reduced (since the width of a hybrid 
zone is determined by the balance between dispersal and 
selection against hybrids). An explanation, as they 
suggest, is that individuals heterozygous for single or few 
centric fusions do not have significantly reduced 
fertility.

The introgression and stabilization of three Robertsonian 
translocations could not have been predicted from studies 
using wild / laboratory mouse hybrids. When wild derived 
centric fusions are introduced into laboratory strains 
there is invariably a marked increase in non-disjunction at 
meiosis (Cattenach & Mosely, 1973; Gropp & Winking, 1981). 
Table 7.2.1 shows the results of their studies using 
centric fusions derived from the tobacco mouse.
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Table 7.2.1 Non-disjunction rates of tobacco mouse centric 
fusions introduced into laboratory strains 
(Cattenach & Mosely, 1973^; Gropp & Winking, 
1981̂ )

male
genotype

number of 
cells scored

19+21
%

21X2
%

Rb/Rb 600 8.5 3.0
+/ + 400 7.2 0.0
T1/ + 400 25.0 18.5

400 15 14
T2/ + 400 23.8 14.5

300 21 22
T3/ + 400 21.3 13.5

300 27 28
T4/ + 400 35.0 19.5

400 26 28
T5/ + 400 18.0 8.0

300 5 4
T6/ + 400 15.3 6.0

300 10 10
T7/ + 400 18.0 12.0

300 4 4

1 T4 & T5 established in C3HeB/FeJ
T1-T3 & T6-T7 established in FI C3H/HeHX101/H 
Heterozygotes were produced produced by crossing 
with a C3HX101 hybrid

2 Established in a maternally derived NMRI genome
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Homozygous centric fusions have a non-disjunction rate 
similar to non-fused chromosomes. However, when 
heterozygous there is a marked increase in the rate of non
disjunction, up to 35% in one case. The rate varies with 
the fusion. There is also a marked difference between the 
two studies suggesting that the genetic background may 
influence the rate of non-disjunction.

When several centric fusions are present within the same 
individual, non-disjunction rates can be very high: 52% in 
a male heterozygous for seven tobacco mouse fusions, and 
68% for a male heterozygous for nine CD centric fusions 
(Winking & Gropp, 1976).

Hybridization studies with laboratory strains are most 
likely anachronistic and cannot be applied to nature. It is 
becoming clear that extrapolations from those studies may 
not be valid for wild mice heterozygous for centric fusions 
(Gropp et ^ . , 1982; Winking, 1986). Studies on other
species have shown that 'wild' trivalent-forming 
Robertsonian heterozygotes do not suffer a great fitness 
disadvantage. These include: sheep, 4-18% anaphase I non
disjunction for 1-3 heterozygous centric fusions (Chapman 
and Bruere, 1975; Long, 1978; Stewart-Scott and Bruere, 

1987); cattle, 6% nondisjunction for a single heterozygous 
centric fusion (Logue & Harvey, 1978); shrews, 1-4% 
nondisjunction for a single heterozygous centric fusion 
(Searle, 1986); and South American marsh rats, 2-4%
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nondisjunction for 1-2 heterozygous centric fusions 
(Nachman, 1992b).

7.3 OTHER FACTORS MAY BE PROMOTING THE SUCCESSFUL 
INTROGRESSION OF GENES AND CHROMOSOMES

Three different Robertsonian translocations are segregating 
randomly in the Isle of May population. Increased rates of 
non-disjunction found in individuals heterozygous for three 
centric fusions would suggest some reduction in fertility, 
but apparently not sufficient to prevent the successful 
introgression and stabilization of centric fusions. 
However, other factors may be promoting the success of the 
introgression.

The Eday Y-chromosome spread at a similar rate to the 
allozymes and centric fusions, and three times the rate of 
Eday mtDNA, suggesting that most of the introgression was 
male-determined (Berry, Triggs, Bauchau, Jones, & Scriven, 
1990). Therefore, other important factors, such as female 
sexual preferences (original Isle of May females may have 
preferentially chosen to mate with introduced Eday males), 
and/or inter-male aggression, may have contributed to the 
success of the introduction.

Female preferences for homo- and heterokaryotypic males 
have been found to be significantly different. For example, 
females with 40 chromosomes tend to prefer males with a
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diff e r e n t  karyotype, w h i l s t  females from a race 

ch a r a c t e r i s e d  by centric fusions do not show a clear 

pr e f e r e n c e  (Corti et 1989). Tests for social aggression 

have shown a tendency by one chromosomal race to suppress 

another (Capanna et , 1984), wi t h  males from a centric 

fusion race being more a ggressive than 4 0 c hromosome mice, 

e s p e c i a l l y  in the t e r ritory of the latter (Corti et a l . . 

1989) .

7.4 DO CENTRIC FUSIONS HAVE A  ROLE IN SPECIATION?

Remove the assumption that h e t e rozygous R obertsonian 

c h romosomes have significantly increased rates of non-

disjunction, and accept, because of the May, that a rigid
A

concept of inviolable demes cannot be m a i n t a i n e d  for the 

h ouse mouse, then ideas about vagility, inbreeding, genetic 

drift, and deme size, thought to be important in any role 

of chromo s o m e  rearrangements in spéciation, need to be r e 

examined.

The m a i n  problem with theories about the role of 

chromosomal rearrangements in spéciation is that while 

impaired fertility in h e terozygotes is n e c essary in 

b u i l d i n g  a p ostmating barrier between populations, the 

associ a t e d  negative heterosis makes it d i f ficult for a 

chromosomal r e a rrangement to become fixed in a population, 

and may, more likely, lead to rapid di s a p p e a r a n c e  of the 

kar y o t y p i c  variant.
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Theoretical models (Lande, 1979, 1985, and Hedrick, 1981) 
have been used to show that despite negative heterosis, the 
new homokaryotype can become fixed in a population 
providing demes are small and the reduction in fertility of 
heterozygotes is modest.

Lande (1979), primarily because of the assumption that 
rearrangements such as centric fusions are selected 
against, calculated that fixation can only happen by random 
genetic drift in small isolated demes. Selection against 
heterozygotes, and effective interdeme migration of only a 
few individuals per generation could prevent the 
establishment of the rearrangement. He estimated that deme 
sizes must have been of the order of only a few tens to a 
few hundreds in the evolution of many animal groups.

Remove the assumption of strong selection against 
heterozygotes, and deme sizes and interdeme migration can 
be increased. Conditions for the accumulation of centric 
fusions by a population will be less stringent, and 
consequently they become insignificant as an isolating 
mechanism, and apparently even where contact exists between 
two Robertsonian races with monobrachial homology (see 
below).

7.4.1 SPECIATION BY MONOBRACHIAL CENTRIC FUSIONS?

As stated in 1.3.3 Baker and Bickham (1986) suggested that
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regardless of the validity of stasipatric or peripatric 
spéciation models, centric fusions can be the mechanism of 
reproductive isolation during spéciation where monobrachial 
homology exists. Just as other models assume heterozygote 
infertility, their model relies on a severe reduction in 
fertility as a consequence of monobrachial homology 
resulting in quadrivalents or more complex multivalents, 
which do not segregate normally.

In wild / laboratory mouse hybrid studies, the frequencies 
of anaphase I non-disjunction for two and 16 monobrachial 
fusions have been reported as 26-44% and 60-70% by Gropp et 
al. (1975), and Redi and Capanna (1988) respectively
(although as before care should be taken in extrapolating 
these results to nature).

Subsequent studies on interracial hybrids in rats 
(Baverstock et al., 1983) and lemurs (Rumpler et al., 1985) 
have supported the finding in mice that complex 
heterozygotes have low fertility. However, recent studies 
on wild caught shrews (Mercer et aJL., 1992) and marsh rats 
(Nachman, 1992b) suggest that for some mammalian species 
complex heterozygotes are not particularly infertile in 
nature. Therefore, doubt also exists about spéciation 
models based on low fertility of complex heterozygotes.
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7.5 CONCLUSION

The successful introduction of mice into an existing 
population, and stabilization of a multi-Robertsonian 
chromosome polymorphism with modest rates of non
disjunction, segregating in accordance with Hardy-Weinberg 
expected frequencies, in agreement with morphometric 
allozyme and DNA studies, shows that in this instance 
centric fusions are not strongly underdominant (negatively 
heterotic). This study is supported by recent studies on 
other species where "wild" trivalent-forming Robertsonian 
heterozygotes were not found to suffer a great fitness 
disadvantage, and corroborates suggestions that 
hybridization studies using laboratory strains are most 
likely anachronistic and cannot be applied to nature.

Central to ideas about chromosome rearrangements in 
spéciation, is that heterozygotes between chromosome races 
have reduced fertility. However, a rearrangement which is 
effective as an isolating mechanism, must also have a low 
probability of becoming established in a population. The 
conclusion from the Isle of May and other recent studies is 
that centric fusions are not strongly underdominant in 
nature, and consequently ineffective as an isolating 
mechanism. Therefore, it is considered that the conditions 
required for the accumulation of centric fusions are less 
stringent, and that chromosomal spéciation is unlikely.
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In April 1982, house mice from the Island o f  Eday (O rkney) were introduced on to the Isle o f  M ay  
(Firth o f  Forth. Scotland) (Berry. Triggs. K ing. N ash  & N o b le . 1991). T his provided an 
opportunity to study hybridization betw een m orph ologically  distinct p op ulation s o f  the house  
m ouse. Significant changes due to inherited factors were found after on ly  18 m on ths. G ood  
agreem ent was found between single gene loci (represented by allozym e data) and m orph ology  o f  
the m andible). C anonical discrim inant analysis separated the sam ples quite clearly (F  =  139 9, 
f  < 0  01) with highly significant M ah alan ob is generalized distances ( f < 0  01). Principal 
com ponent analysis clearly resolved size (F  =  53 0, P < 0  01) and shape (F  =  68-3, f  < 0  01) 
differences between the sam ples and show ed post-in troduction  m ice were significantly larger than 
Eday and pre-introduction M ay m ice, and interm ediate in m andible shape. T he size difference is a 
multivariate indication o f  heterosis. The shape differences described the coron oid  process and 
incisor region. A verage post-introduction  m ice were 6-8%  larger than the average E d ay-M ay  
mid-parent value. M ultivariate post-introduction  m andible variances were significantly greater 
than pre-introduction variances (Sni F  =  2-I9, P < 0  01). O f the total p ost-in troduction  m andible  
variation. 54% w as due to genetic differences. A llozym e and m andible shape data are in good  
agreem ent. A hybrid index using six blood allozym es (devised to investigate introgression at the 
level o f  individual m ice). N ei's genetic d istance calculated with 19 allozym e loci, and m andible  
shape, placed post-introduction  M ay m ice precisely m id-w ay betw een E day and pre-introduction  
M ay. Post introduction m ice were m ore variable electrophoretically  and m orph ologically  than  
pre-introduction M ay mice. This study show s unequivocally  that hybrid ization can be a 
considerable factor in the differentiation o f  natural populations.
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Introduction
In April 1982, 77 house mice from the Island of Eday in the Orkney archipelago were introduced 

on to the Isle of May in the Firth of Forth, Scotland (Berry, Triggs, King. Nash & Noble, 1991).
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Introduced allozyme alleles and Robertsonian translocations (Berry et al., 1991; Scriven, 1992) 
spread very quickly. Within 18 months the frequencies of introduced alleles and fusions had 
approached 50% of their Eday value, and every mouse scored had at least one introduced allele or 
fusion.
Allozymically house mice are among the more variable mammalian species; Berry (1981) quotes 

an overall average heterozygosity per locus (H) of 7%. Surprisingly, samples of May mice have 
had an H value of zero (Berry, 1981). In one survey involving over 70 allozyme loci, only five 
heterozygotes at two loci (xylose dehydrogenase-1 and transferrin) were found (Berry et al., 1991). 
On the other hand, Eday mice have considerable allozymic variation with H = 6-4% for 76 loci 
screened in 96 mice (Berry, unpubl.). By September 1983 (within 18 months of introduction), the 
May population (which consisted entirely of hybrids) had an H value of 7-3%. Fourteen loci are 
now known to be polymorphic on the Isle of May compared to 12 on Eday and none on the Isle of 
May pre-introduction.
The isolated nature of the Isle of May makes it very suitable for study. It is uninhabited except 

for summer bird-watchers and lies 10 km off the east (Fife) coast of Scotland. There is a very low 
likelihood of immigration of animals. Apart from mutation, post-introduction allozymic 
variation can only be a consequence of introducing mice.
The Isle of May experiment has provided an excellent opportunity to investigate the effect of 

hybridization on morphology in a natural population of house mice.

Material and methods
Five house m ouse samples were used in this study. T w o sam ples were live-trapped using L ongw orth small 

mammal traps on the Isle o f  M ay before the introduction. They were subsequently pooled on finding no 
statistically significant difference between them (49 anim als). The other sam ples were: 1 rick-caught sample 
from Eday (from  the same farm as the introduced mice) (67 anim als), and 2 sam ples live-trapped on the Isle o f  
M ay 18 m onths (40 animals) and 54 m onths (39 anim als) after the introduction.

The mandible was chosen for study because o f  its relatively fiat shape and the ease with which repeatable 
m easurem ents can be made. The m andible provides inform ation on both size and shape. M andible shape was 
used very successfully by Testing (1972) in identifying different inbred strains o f  mice, and by D avis (1983) 
w ho applied Testing’s m ethods to distinguish between different populations o f  wild British house mice. On 
these (and other grounds) m andible size and shape have been concluded to be m oderately to highly inherited 
characters in the laboratory m ouse (Thorpe, 1981; Thorpe & Leamy. 1983).

M ouse heads were boiled for 40 min in tap water before incubation in a solution  o f  com m ercially available  
laundry powder (‘Bio-tex’) at 37 C for several days (after D avis, 1983). Flesh removed, the bones were then 
washed in tap water and dried overnight at the sam e temperature.

In order to m inim ize overall size differences, only anim als assigned to dental wear stages 3 and 4 (Lidicker, 
1966) were used in the study. This represents mice o f  approxim ately 60-180 days old. Tor each sam ple, no 
difference in either size or shape was found between mice o f  age class 3 and age class 4. H ow ever, it should be 
noted that the post-introduction mice used in this analysis may be slightly older than their m olar wear would  
suggest. U nlike pre-introduction M ay and Eday m ice which were killed within 10 days o f  capture, post
introduction M ay mice were kept for 3 m onths whilst chrom osom e studies were carried out. W e do not 
believe that this has had any com plicating effect for the follow ing reason. G reen & Tekete (1933) investigated  
differential growth in the m ouse. They m easured m any different bones including the scapula, tibia, radius, 
ulna, m etacarpals and femur. They concluded that all these bones had attained their approxim ate m axim um  
length by 91 days, with the m ost rapid rate o f  growth com pleted by 31 days o f  age. M ore recently, a similar 
result was show n for the mandible with little growth after 91 days (Lovell. T otm an & Johnson, 1984).
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F i g . 1. The 10 m easurem ents m ade on  right m andibles also show ing PG A 2nd com p on en t (shape) loadings: 
 p o s it iv e ;  negative. •

Only right m andibles (R M ) were used. N o  sexual dim orphism  was found so m ales and females were 
pooled. T o avoid possible seasonal fluctuations, only mice caught in Septem ber were com pared in this 
analysis. Ten m easurem ents were m ade on each m andible based on those used by Testing (1972) and D avis 
(1983) (Fig. 1).

The data were analysed using both  univariate and multivariate statistics. T w o m ultivariate statistical 
techniques were em ployed. C anonical discrim inant analysis (C D A ), which m axim izes between sam ple 
variance while m inim izing within sam ple variance, was used to separate the sam ples on the basis o f  both size 
and shape; with sam ple variances standardized to one. M ahalanobis generalized distances (D -) were 
calculated from this analysis. Principal com ponent analysis (PGA) was used in order to resolve the relative 
contributions o f  size and shape to the total variation observed. Statistical A nalysis System s software w as used 
for all calculations (SA S Institute, 1985).

Results
Univariate statistics for all samples are given in Table I. CDA and PGA were carried out on 195 

observations with 10 variables. CDA separated the samples quite clearly (F = 139 9, f <0 01) 
(Fig. 2). Mahalanobis generalized distances (D-) between pre-introduction May and Eday, pre
introduction May and post-introduction May (Sept. 1983 and Sept. 1986), and Eday and post
introduction May are all highly significant (f <0 01). D- between Sept. 1983 and Sept. 1986, 
although considerably reduced, is highly significant (f <0 01) (Table II). D~ between the two May 
samples preceding the introduction was not significant at the 5% probability level. The post
introduction May samples are quite distinct from their progenitors. The first two canonical axes 
account for 99% of the sample differences.
PCA was used to resolve size and shape differences between the samples. The samples were 

not defined a priori. The first principal component in this case accounts for 84% of the variation. 
Table III shows that all the mandible measurements have a positive loading of similar magnitude. 
This is interpreted as being a size component. The other principal components are believed to be 
mainly shape and account for the remainder of the variation.
Figure 3 shows a plot of shape (2nd component) versus size (1st component). The samples are 

clearly distinguished both by size and shape. Post-introduction Sept. 1983 and Sept. 1986 mice are 
significantly larger than both Eday and pre-introduction May mice. Eday mice are significantly
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T a b l e  I

A ge and numdihle m easurem ents o f  pre-introduction M a y. introduced  
Eday. and post-in troduction  hybrid  mouse sam ples

Pre-introd. Eday Sept. 1983 Sept. 1986
(N  =  49) (N  =  67) (N  =  40) (N  =  39)

Variable (m ean ±  S) (m ean +  S) (m ean ±  S) (m ean ±  S)

Age 3 3 +  0-46 3-3 ± 0 -4 4 3 5 ± 0 -5 1 3-4 ± 0 -4 9
R M l 1 : 7 ± 0  5 : 15 0 + 1 0 2 15 6 +  0 74 14 7 +  0-79
R M : 17 7 ± 0 -5 5 2 0 -6 + 1  24 2 1 6 ± 1  15 2 0 -9 ± l-1 7
RM 3 36 7 ± 0 -8 8 37 7 ± 2-49 40-1 ± 1 -5 3 39-0 ±  1-44
RM 4 40-0 ± 0 -9 6 40-2 ± 2 -6 0 43-1 ±1-71 4 2 - 0 ± l  56
RM 5 45 5 +  1 1: 47-4 ± 3 -0 3 50-3 ± 1 -6 0 49-2 ± 1 -5 9
RM 6 6 1 4 + 1 4 9 66 9 ± 4  26 69 0 ± 2  61 68-9 +  2-35
RM 7 65 6 + 1 8 9 7 2 -4 ± 4  75 73 8 +  3-23 73 7 ± 2 -8 9
RM 8 79 9 +  1 63 82 3 ± 4  42 85-9 ± 2 -7 0 8 5 -0 ± 2 -4 9
RM 9 9Ü -2± 1-97 92-7 ± 6  22 97 1 ± 3  67 96-5 ± 3 -0 3
RM 10 93-4 +  2 18 95 2 ± 5  85 101 6 ± 3 -0 9 101 0 ± 2 -6 3

S— standard deviation; Sept, 1983-Sept. 1986— post-introduction  
M ay sam ples; A ge— m olar wear stage, m andible m easurem ent units 
are arbitrary

larger than  p re -in tro d u ctio n  M a y  m ice , but Sept. 1983 m ice  are n o t  sig n ifica n tly  larger th a n  Sept. 
1986 m ice (F  =  53 0, P < 0 0 1 ;  T u k e y ’s stu d en tized  range test, m in im u m  sig n ifican t d ifferen ce  
(M S D )  =  0 -276 , P < 0 - 0 5 ) .  T h is  is a m u ltiv a ria te  in d ic a tio n  o f  h e tero sis  a ffectin g  size. In d eed , the  
p o st- in tro d u c tio n  m ice h a v e  the grea test m ean  va lu es for  all the m a n d ib le  m ea su rem en ts (T a b le  I).

aaon a aa□ DO  aca HUC □= = oa oa “ o a

□ a
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• •

-9 -

-10
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Component 1

F ig 
•  pre-

. 2. A  plot o f  the first v ersus second canonical variables show ing clear separation o f  the sam ples (see also T able 11) 
introduction May; □  post-introduction  Mav (Sept. 1983); a  post-introduction M ay (Sept. 1986), ■ Eday.
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T a b l e  H

C d /iip u r iso f i  o f  M a h a la n o b is  ( D '  )  a n d  S c i  's " c n c iic  c l is la n c c s  u s in g  
1 0  m a n J ib le  n ic a s u r c n ic n is  a n d  19  c lv c t r o p h o r c n c  lo c i ,  r e s p e c t iv e ly .  
.A ll M a h a la n o b is  d i s ta n c e s  a r c  s ig n if ic a t i t  a t  th e  /",< p r o b a b i l i t y  le v e l
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Eday Sept. 1983 Sept. 1986

Pre-inlrod. 11 02 10-23 11 10 D -
0-241 0-056 n a ' NEI

Eday _ 11-51 11-24 Q:
0-059 n a' NEI

Sept. 1983 — — 2-21
n a NEI

' .Mihough these data are not available for Sept. 1986, they are
likely to be similar to Sept. 1983

r h e  d ifferen ce  betw een Sept. 1983 and m id -p a ren t v a lu es (p re -in tro d u ctio n  M ay  and  E d ay) range  
T o m  1-7 for  R M l and  get p ro g ressively  larger reach in g  7-3 for  R M  10 w h ich  is the largest  
m easu rem en t. E x p ressin g  the d e \ ia t io n s  as p ercen ta g es m a k es p o ss ib le  the c o m p a r iso n  o f  
d ev ia tio n s for each  m ea su rem en t. T he a v erage  Sept. 1983 and Sept. 1986 m ice  are, resp ectiv e ly , 
}-2% and  6 0%  larger than  the average  m id -p a ren t \a lu e .

T h e  se c o n d  c o m p o n e n t (assum ed  to represent the m a jo r  sh ape c o m p o n e n t)  a c co u n ts  fo r  9%  o f  
he v a r ia tio n . M ea n  S ep t. 1983 and S ep t. 1986 m ice  h a \e  the sa m e, bu t sig n ifica n tly  d ifferen t,

2-5i 
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g 0 0- 
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F i g . 3. .A plot o f  the first (size) versus second (shape) principal com pon en ts show ing separation o f  the sam ples both by 
m andible size and shape: •  pre-introduction May; □  post-introduction  M ay (Sept. 1983); a  post-introduction M ay (Sept. 
1986); ■ Eday; 4- mean.
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T a b l e  III

P rincipal com ponent analysis o f  p o o le d  sam ple  m an
dible m easurem ents show ing com ponent loadings and  

proportion  o f  the to ta l variation

Character

E igenvectors

C om p. 1 
(84% )

C om p. 2 
(9% )

C om p. 3 
0 % )

R M l 0 2 9 0 49 0 3 8
R M 2 0 2 9 0 54 0 17
R M 3 0 3 2 - 0  29 0 3 8
R M 4 0 3 0 - 0 4 3 0 39
R M 5 0 3 3 - 0  15 0 2 6
R M 6 0 3 3 0 18 - 0 2 6
R M 7 0 32 0 24 - 0  31
RM S 0 33 - O i l - 0 2 5
R M 9 0 32 - 0  20 - 0 3 7
R M  10 0 33 - 0  19 - 0 3 0

shape from Eday and pre-introduction May mice. Eday mice have a significantly different shape 
from pre-introduction May mice (F = 68-3, P<0-01; Tukey MSD = 0-358, f <0 05). Pre
introduction May mice and Eday mice have mean values of — 0 97 and 0 81, respectively, for the 
second component. The post-introduction mice have mean values of — O il and — 0 06. Post
introduction mice are therefore intermediate with respect to mandible shape. Table III shows that 
four of the mandible measurements have substantial positive loadings, and six negative loadings. 
Figure 1 shows to which areas of the mandible these measurements correspond. RM6 and RM7 
describe the coronoid process, RMl and RM2 describe the incisor region.
The third principal component accounts for 3% of the total variation. September 1983 mice 

have a significantly greater mean positive value than the others and Sept. 1986 a significantly 
greater mean negative value than Sept. 1983 and Eday, but not pre-introduction May. The positive 
loadings are height measurements and the negative loadings length measurements (Table III,

F i g . 4. D iagram m atic  representation o f  mean m andible size (see T able I ) .  E d a y ; pre-introduction  May;
• • post-in troduction  M ay (Sept. 1983).
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F i g . 5. D iagram m atic representation o f  size-corrected m ean m andibles— shape (each  m easurem ent R M l — RM IO  
divided by R M  10 the greatest len g th ); E d a y ; pre-introduction  M ay; - - post-in trod u ction  M ay (Sept. 1983).

Fig. 1). This component may reflect the period that post-introduction mice were kept in the 
laboratory. It was observed that older mice tend to grow differentially with respect to mandible 
length and height.
Figure 4 shows diagrammatic representations of mean pre-introduction May, post-introduc- 

tion May (Sept. 1983), and Eday mice, using the measurements in Table I. Post-introduction mice 
are by far the largest and this makes comparison of shape difficult. For this reason. Fig. 5 shows 
mean size-corrected data. To correct for size, each measurement was divided by the greatest 
length. Having corrected for size. Fig. 5 shows shape variation. The coronoid process and incisor 
region are responsible for the shape differences. Post-introduction May mice are clearly 
intermediate. Eday mice have far greater curvature of both the coronoid process and the incisor 
region.
Correcting for scaling by dividing each character datum by its mean for each sample 

(standardizing means to one), Table IV shows that for each character post-introduction (Sept. 
1983) sample variances are greater than the pre-introduction sample variances. In every case, 
except for the smallest character RMl, this is statistically significant with F-values ranging from 
1 67-3 00 (P < 0 05). The multivariate estimate of variance (Sn) is equal to the sum of the univariate 
estimates of variance for j characters (Van Valen, 1974). Mandible variance post-introduction is 
significantly greater than pre-introduction (F = 2T9, P < 0 01). Morphometric or phenotypic 
variance is the sum of the genotypic and environmental variances, Vp = Vo-f Ve (Falconer, 1981; 
112). It was stated earlier that pre-introduction May mice were electrophoretically monomorphic. 
Assuming they are effectively highly inbred, V g  = 0 and Vp = Ve. Further, assuming that the 
environmental variance is the same post-introduction, genotypic variance is obtained by 
subtracting the environmental variance from the phenotypic variance, thus Vg = Vp — Ve (values 
are given in Table IV). Heritability in the broad sense is Vg/Vp = 86-206/158-325 =  54%. Thus 54% 
of the total mandible variation in the post-introduction (Sept. 1983) sample is due to genetic 
differences, and 46% to non-genetic differences. A similar figure is obtained for Sept. 1986.

Comparison with electrophoretic data
Since the introduction in April 1982, six allozymic loci {Ada, Car-2, Es-3, Es-10, Gda and Hbb)
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T a b l e  IV

Pre-introduction and post-in trodu ction  ( Sep t. 1983) sam ple variances f o r  m eans 
s ta n d a rd ized  to  one

Character

Sept. 1983 
(V g +  Ve) 
( X  10-*)

Pre-introd.
( V e)

( x l O " )
F-value  

(V g + V e/V e)
(V g )

( X 10")
h '  (Vg / V p) 

(% )

R M l 22-521 16-502 1-36 6-019 27
R M 2 28-523 9-581 2-98** 18-942 66
R M  3 14-606 5-739 2-55** 8-867 61
R M 4 15-722 5-719 2-75** 10-003 64
R M 5 10-084 6-050 1-67* 4-034 40
R M 6 14-270 5-858 2-44** 8-412 59
RM 7 19-185 8-297 2-31** 10-888 57
RM S 9 8 8 2 4-166 2-37** 5-716 58
R M 9 14-294 4-762 3-00** 9-532 67
RMIO 9-238 5-445 1-70* 3-793 41

T otal (Ss) 158-325 72-119 [2-19]** 86-206 54

Vg— genotyp ic variance; V e— environm ental variance; h-— heritability  in the 
broad sense; Ss— m ultivariate estim ate o f  variance equal to  the sum o f  the 
univariate variances; * P < 0  05, < 0  01

have been routinely screened from blood twice a year (Berry et al., 1991). The population was 
sampled in the spring when the population is at its lowest after winter mortality, and in September 
when the population is at its highest at the end of the breeding season.
Each locus has an introduced allele not present in the original May population; each of the six 

introduced alleles have increased in frequency. Figure 6 shows a plot of a principal component 
analysis combining all six blood markers. The first component accounts for 84% of the total 
variation and summarizes the principal change due to the introduction, the increase in frequency 
of the six introduced alleles. By September 1983 the population had apparently reached stability. 
This is characterized on the plot by movement only with respect to the second component. With 
respect to the first component. May has a value of 3-5, Eday — 5 0, and Sept. 1983 — 0 4. Post
introduction mice are clearly intermediate. The second component accounts for 7% of the total 
variability and reflects seasonal fluctuations around the equilibrium point.
A hybrid index was devised in order to investigate introgression at the level of the individual. 

The value of the index for any individual is equal to the number of introduced alleles, the index 
range is from zero to 12. May mice from before the introduction had a score of zero. Introduced 
Eday mice had a mean score of 4 53, ranging from two to seven. Post-introduction the index 
rapidly increased to 2-27 by September 1983, precisely half the Eday value. The index subsequently 
progressed at a much reduced rate of approximately 0 3 half yearly. From September 1983 
onward, every animal screened has been a hybrid, having at least one Eday allele or Robertsonian 
translocation.
King & Bauchau (unpubl.) have analysed a number of British house mouse populations 

including pre-introduction May, Eday and Sept. 1983 by cluster analysis of allozyme data. They 
calculated Nei’s distance based on 19 allozyme loci. The distances are given in Table II which also 
includes D- from this study. In order to compare the morphometric and biochemical studies, we 
have expressed D- and Nei's distance between pre-introduction May and post-introduction May, 
and Eday and post-introduction May as a ratio. The ratios for D- are 0 89 for Sept. 1983,0 99 for 
Sept. 1986 and 0 95 for Sept. 1983's Nei's distance. Post-introduction May mice are therefore mid
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Component 1

F i g . 6. Principal com pon en t analysis o f  six a llozym ic loci {A da, C ar-2, Es-3, Es-10, Gda  and H bb) routinely screened  
from b lood  twice per year, show ing an increase in frequency o f  the six introduced alleles, and the attainm ent o f  equilibrium  
at approxim ately h a lf the frequency found in introduced Eday mice.

way between May and Eday. Nei’s distance between May and Eday is of the order of sub-species.
Within only 18 months, mice on the Isle of May went from electrophoretic monomorphism to 

considerable polymorphism. Table V compares electrophoretic with morphometric variability. 
Electrophoretic variability was estimated using the average proportion of individuals heterozy
gous per locus (H), using 17 loci {Aco-1, Ada, Car-2, Es-3, Es-9, Es-10, Es-11, Gda, Gpd-1, Hbb, 
Idh-1, Mod-1, Mod-2, Pgm-3, Tam-2, Trf and Xld). Morphological variability was estimated using 
multivariate coefficients of variation (CVp):

CVn= 100Sn/(EX-j)' 2 (Van Valen, 1974)
where is the multivariate estimate of variance (see Table IV).

T a b l e  V

E stim ates o f  electrophoretic  an d  m orphological variab ility

Sam ple

E lectrophoretic variability M orp hological variability

N o. o f  loci P H Sam ple size cv„

Pre-introd. 17 0 0 49 2-37
Eday 17 0 71 0-266 67 6-28
Sept. 1983 17 0-71 0-282 40 3-61
Sept. 1986 17 n a ' n/a' 39 3-23

P— proportion o f  loci polym orphic (com m on est allele < 95% ); 
H — average proportion  o f  individuals heterozygou s per locus; 
CV’n— m ultivariate coefficient o f  variation; 'although these data are 
not availab le. P & H are likely to be sim ilar to Sept. 1983
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Post-introduction May mice are clearly more variable electrophoretically and morphologically 
than pre-introduction May mice.

Discussion

Original Isle of May house mice and Eday house mice are clearly different with respect to 
mandible size, shape and some allozyme alleles. Eday mice have greater curvature of the coronoid 
process and the incisor region. They are also polymorphic for several allozymes, while pre- 
introduction May mice were effectively monomorphic. Nei’s distance based on 19 allozymes 
approaches the level commonly found between sub-species.
Introducing mice from Eday on to the Isle of May resulted in significant morphological and 

electrophoretic changes in the population within only 18 months. The morphometric and allozyme 
data are in very good agreement. Mandible shape, hybrid index and Nei’s genetic distance place 
the post-introduction sample almost exactly mid-way between pre-introduction May and Eday by 
September 1983.
Some studies using laboratory mouse strains do not show agreement between allozyme data and 

mandible shape (see Wayne & O ’Brien, 1986; Fitch & Atchley, 1987). However, Testing & 
Roderick (1989) found a highly significant correlation (r = 0 72, P < 0-01) between genetic distance 
based on single loci, and skeletal morphology (including the mandible). Furthermore, they re
analysed Wayne & O ’Brien’s (1986) data and showed that log transforming the Mahalanobis 
distances for size-corrected data, and using additional skeletal measurements, increased the 
correlation between the data from 0 24-0 63 (P<0 01). Testing & Roderick (1989) also criticize 
the choice of inbred strains used by Wayne & O ’Brien (1986) and Fitch & Atchley (1987) because 
few of the strains used were closely related and none distantly related. The Isle of May study shows 
that allozyme data and mandible shape correlate in a wild mouse population.
Post-introduction samples show more electrophoretic and morphometric variation than the 

pre-introduction sample, with 100% of the former and 54% of the latter attributable to genetic 
differences between individuals. The average heterozygosity of the post-introduction sample is 
similar to the Eday sample. However, the Eday sample shows considerably more morphological 
variation. Possibly, the explanation lies in the nature of their respective environments. The Eday 
sample was rick-caught, whilst the post-introduction sample came from a free-living habitat. 
Mice, because they have a high surface area to volume ratio, are at a disadvantage in cold weather 
because of rapid heat loss. A rick provides an ideal environment for mice; shelter, virtually 
unlimited food which does not require foraging outside of it, nest-material, and an even 
temperature (see Southern & Laurie, 1946). Conversely, food is more likely to be a limiting 
resource on the Isle of May, requiring mice to leave the shelter of their burrows. On the Isle of May 
mice will be at a selective advantage if they have a lower surface area to volume ratio (i.e. if they are 
larger) with less rapid heat loss. In the rick environment, selection pressure would be reduced, 
resulting in the survival of more extreme size deviants and thus more morphological variation.
Interestingly, pre-introduction May mice used to huddle together in their burrows (Triggs, 

1977), and may even have used torpor as an adaptation to cold weather (Jakobson, 1981). It is not 
known if post-introduction May mice behave in this way.
This study shows that significant morphological change, completely in agreement with allozyme 

data available, occurred over a very short period in a feral population of house mice. This change is 
a clear example of introgressive hybridization, which was undoubtedly the major factor in the 
evolution of this population.
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Faray is a 250 ha island in O rkney, uninhabited by hum ans since 1946. T he only  sm all m am m al is
the hou se m ou se, M us dom esticus, w hich betw een 1982 and 1986 fluctuated in num bers from a
m axim um  o f  4 0 0 -5 0 0  to less than 50. O ver the period w hen the p op u lation  was at its sm allest, the 
frequency o f  Hbb^ increased from  29 1 % to  46 6% . T here w as a lso  a decrease in the frequency o f  a 
R obertson ian  translocation , R b (4.10) from  36 4% to 13 3% during the study period; tw o other  
R obertson ian  chrom osom es, Rb (3.14) and R b (9 .12), were a lw ays h om ozygou s. T h e  change at 
the H bb  locus is probably the result o f  genetic drift; this con clu sion  w as reached on ly  after other  
possib ilities were excluded.
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Introduction

There is a widespread and mistaken assumption that house mice (Mus domesticus L.)'' are 
universally common. This paper is about the mouse population on the north Orkney island of 
Faray (59 ’’ 13' N, 3 ' 49' W), one of a limited number of known island populations in the northern 
hemisphere, and where the population size is much smaller than in previous studies.
In their Vertebrate fauna of the Orkney Islands, Buckley & Harvie-Brown (1891: 84) state that
'P resent address; D epartm ent o f  E co logy  & E volutionary B io logy , Princeton U niversity . P rinceton N J 08544, U S A  
"Present address: D epartm ent o f  B io logy , U niversity o f  R ochester, R ochester N Y  14627, U S A  
^Present address: S .E . T ham es R egional G enetics Centre. G u y ’s H osp ita l, L ondon  S E l 9R T , U K  

M arshall & Sage (1981) argue that the sem i-species M . m usculus m usculus and M . m. dom esticu s  should  be regarded as 
two full species. T he British house m ou se thus becom es .V/. dom esticu s  [see also  C orbet (1988); International C om m ission  
on Z oolog ica l N om enclatu re (1990)]
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the ‘Common House Mouse (is) abundant everywhere’; they refer to a newspaper report of May 
1857 which recorded 3410 mice killed, ‘besides what were destroyed by dogs or escaped’ when 
stacks were thrashed at a farm on Stronsay (another north Orkney Isle). Similar statements 
abound about other places: the Vertebrate fauna of Argyle and the Inner Hebrides notes that the 
species is ‘abundant everywhere’ (Harvie-Brown & Buckley, 1892: 38), in Shetland ‘the species 
occurs on every permanently inhabited island except the small island of Uyea near Unst’ (Venables 
& Venables, 1955: 79), while the Handbook of British mammals opines that it is ‘widespread 
throughout British Isles and Ireland wherever there is human habitation and including practically 
all inhabited small islands’ (Corbet & Southern, 1977: 229).
This assumption is not supported by firm evidence (Arnold, 1978; Berry, 1981). House mice are 

poor competitors, and seem able to flourish away from their favoured commensal habitat only 
when other small mammals are absent (Berry & Tricker, 1969; Berry & Jackson, 1979; Dueser & 
Porter, 1986). Nevertheless, the relatively few wild-living mouse colonies are particularly worth 
study, because they provide opportunities to identify key factors in survival and fitness of an 
exceptionally well-known species in terms of genetics, behaviour, physiology, etc. Since the main 
problem for wild-living house mice is recurrent low temperatures (Jakobson, 1981; Bronson, 1984; 
Berry & Bronson, In press), isolated populations living in cold climates are particularly interesting.
Faray (‘Sheep Island’) is a long, thin island (3 km by 0 5 km; 250 ha in area) lying between the 

two large Orkney islands of Westray (3 km to the west) and Eday (2 km to the east) (Fig. 1). It is 
relatively flat, most of the island being a grassy plateau c. 25 m above the sea. The ‘Old’ Statistical 
Account (written by the parish minister in 1794) says ‘the west is much exposed to having its crops 
of grain damaged by the spray of the sea. This island, and two holms appertaining to it, are well 
adapted for the pasture of cattle or sheep; and tang (seaweed) grows on some of its shores, for the 
manufacture of kelp’ (Sinclair, 1791-1798: 299). Towards the end of the nineteenth century, the 
population of Faray was 83 spread over eight farms, but by 1946 the number of men left was not 
enough for the necessary communal work, and the few remaining families left (O’Dell, 1939; 
Miller, 1976). Since then the island has been used as no more than sheep pasture, with the only 
resident human a shepherd during the lambing season.
House mice were noted on Faray in 1969 by Sea Mammal Research Unit biologists, and two of 

us (RJB, AJB) trapped animals there 11-17 August 1971. This paper reports genetical and 
ecological studies carried out on nine visits to the island at the end (September) and beginning 
(April) of the mouse breeding season between 1982 and 1986.

Materials and methods

Our visit in September 1982 was genetically to characterize the Faray m ice as fully as possible. Seventy-one  
mice were caught in Longworth traps, with m ost anim als living around the old farm buildings and field walls; 
all anim als were taken to London and killed for study o f  allozym ic and cytogenetic variation (for techniques 
see Berry, Triggs, K ing, N ash & N ob le . 1991; Scriven, 1992). Subsequent visits took place in spring and 
autumn 1983, 1984, 1985 and 1986 at the beginning and end o f  breeding in each year (i.e. 9 visits in all); they 
involved m ark-release-recapture studies o f  the population with ear and toe clips in 2 trapping phases with 160 
traps, an extensive phase over the w hole island follow ed by intensive grid trapping over a restricted (c. 5 ha) 
area. All anim als caught were sexed and weighed at the site o f  capture.

The trap sites for the 'round-the-island’ phase were chosen on the basis o f  successful trapping on early visits 
(notably 1971), and remained largely unaltered in later visits. Intensive ‘grid’ trapping was carried out around  
Quoy (spring 1983, spring and autum n 1984), W indywalls (autum n 1983), and H olland (spring 1985). Grid
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trapping w as not carried out for the last 3 visits, because the inform ation and num ber o f  new anim als caught 
on the grids did not justify the effort.

A  drop o f  b lood  was taken from  the retro-orbital sinus from  ail anim als trapped weighing m ore than 10 g, 
and variation at haem oglobin ^-chain {Hbb) (C hrom osom e 7) (Petras & M artin, 1969) scored by starch gel 
electrophoresis; this was the only polym orphic locus in the Septem ber 1982 sam ple which could be scored in 
blood .

T he final sam ple (caught in Septem ber 1986) was scored for 7 o f  the allozym e loci segregating in the original 
(Septem ber 1982) sam ple. M ice hand-caught at threshings on  the neighbouring islands o f  Eday, W estray and  
Papa W estray, and at a m ainland Scottish  site from  Caithness, were scored for allozym ic variation for 
com parison. Som atic karyotype analyses were carried out on G -banded m etaphase spreads o f  cultured  
peripheral b lood  lym phocytes and o f  bone m arrow cells, from  anim als taken o ff Faray in autum n 1984,1985  
and 1986 (Ford, 1966; Buckland, Evans & Sum ner, 1971; Trim an, D avisson & R oderick, 1975).

T he total population  size on Faray was estim ated using several criteria. Sm all m am m als are notoriously  
difficult to census accurately because o f  their restricted individual ranges and local habitat preferences. 
H ow ever, experience with house m ouse populations on 2 other British islands (Skokholm : Berry, 1968; Berry 
& Jakobson, 1971, 1974; and M ay; Triggs, 1991) suggest that the right order o f  population  size can be 
determ ined using a com bination  o f  m ethods. A ccordingly, the sam e 3 m ethods o f  calculation were used for  
the Faray population  as for Skokholm  and the Isle o f  M ay: a m odification o f  the Lincoln Index (H ayne, 
1949); a calibration adjusting the ‘w hole island’ estim ate on  the basis o f  com paring the estim ates for the area 
intensively grid-trapped (in which all ‘trappable’ anim als in the area would be expected to be caught) with the 
estim ate for the sam e area from the less intensive, general trapping; and iterating from marked anim als which  
had originally been caught on subsequent visits which m ust have been present during the preceding visit. 
U nless a high proportion o f  the traps are filled during any trapping session (w hich m eans for house m ice, from  
dusk to dawn), the proportion o f  previously uncaught individuals falls rapidly on  successive nights to less 
than 1 in 20 by the fourth night. In practice, all 3 m ethods showed that the extensive ‘round the island’ 
trapping phase gave as good  an indication o f  total population  as any refinement, and it seems reasonable to  
assum e that the number o f  anim als trapped on Faray in this phase during spring visits is probably at least half 
to two-thirds o f  the total population  at that time. It is im possible to know  how m any anim als are 
‘untrappable’ but studies o f  social structure on Skokholm  and the M ay indicated that m ost habitable areas 
were occupied by resident pairs (or trios— involving 1 m ale and 2 females), im plying that breeding anim als at 
least were not especially trap-shy (Berry & Jakobson, 1971, 1974; Triggs, 1991). This contrasts w ith high  
density com m ensal populations, where direct observation has show n that som e individuals consistently avoid  
live traps (H urst & Berreen, 1985).

Results

The numbers of animals caught and recaptured during each visit are set out in Table I, together 
with estimates of the total population, derived as described above. These estimates must be 
regarded as extremely approximate. In all, fifty-seven animals (36 males, 21 females) were 
recaptured during a visit subsequent to the one at which they were originally marked. Ten of these 
(eight males, two females) had moved between trapping sites (i.e. more than c. 100 m) between 
visits (Table II), including three that traversed the whole length of the island.
The spring 1985 population was very small, the lowest in the five years of study. Only 21 animals 

were caught, and an astonishing 12 of these (60%) survived to be recaptured the following autumn 
(Table I). The total population at the end of the 1984-5 winter was probably less than 50; the 
number of mice on the island the preceding autumn was approximately normal for the peak 
population (around 300), while the numbers at the end of the next breeding season were rather less 
(around 200). The spring 1983 population was also small, but apparently greater than in spring



T a b l e  I
M ice trapped  a n d  recap tured  on Faray

N um b er
caught R ecaptures

P roportion  
o f  previously  

m arked sam ple  
recaptured

N um ber caught 
during grid trapping  

(an im als not caught in 
preceding ‘exten sive’ trapping  

phase in parentheses)
N um b er rem oved  

from  island
A pprox. tota l 

pop u la tion  estim ateM F M F

1971: 11-17  A ug. 9 18 — — — — 27
1982; 18 -30  Sept. 42 29 — — — — 70 200
1983: 30 M arch -8  April 16 10 — — — 4 ( 2 ) 9 50
1983: 17-26  Sept. 69 55 7 1 0 471 1 0 (2 ) 0 300
1984: 29 M a rch -6  April 22 14 0 3 0 044 8 ( 5 ) 0 70
1984: 22 S ep t.-2  O ct. 62 73 4 4 0 222 1 3 (7 ) 43 300
19X5: 30 M arch X April 11 10 2 5 0-076 2 ( 0 ) 0 < 5 0
19X5: 26 S e p t .- l  O ct. 50 40 10 2 0-600 — 29 200
1986: 3 -7  A pril 20 12 5 3 0-131 — 0 70
1986: 2 4 -2 9  Sept. 56 60 8 3 0-344 — 30 250
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T a b l e  II 

M ovem en ts  o f  m a rk ed  anim als

Sex From T o

Spring to  autum n 1983 F N orth  W all N ess
M C ott N ess
M Q uoy N e ss

A utum n 1983 to spring 1984 M Q uoy L ack quoy
M N ess W indyw alls

Spring to  autum n 1984 M N ess W indyw ails
A utu m n 1984 to spring 1985 F Q uoy H ollan d
A utum n 1985 to spring 1986 M Q uoy H am ar

M Q uoy N ess
M L ackquoy N orth  Wall

Table III

Frequencies o f  segrega ting  a llo zym es in F aray an d  neighbouring populations

C hrom osom e
Papa

W estray W estray

Faray

E day

Scottish  
M ainland  

(G reenland Farm , 
C aithness)

A utu m n
1982

A utum n
1986

1 Idh-l^ 0-725 0-229 0-600 0-550 0-656 0-280
2 Ada^ 0 0 0-0 0-0 — 0-187 0-0
3 C ar-2f 0-823 0-294 0-0 — 0-422 0-163
4 A co -F 0-449 0-0 0-286 0-500 0-891 0-890
4 G p d -F 0-159 1-000 0-0 — 0-640 0-242
5 G 6pd-(f 0-0 0-0 0-0 — 0-408 —

5 P g m -F 0-058 0-224 0-0 0-0 0-0 0-0
7 Xld-1^ 1-000 1-000 1-000 — 0-823 0-622
7 M od-2^ 0-038 0-0 0-764 — 0-479 0-942
7 Hbb^ 0-083 0-156 0-710 0-465 0-214 0-404
8 G r-F 0-060 0-0 0-0 — 0-0 0-362
8 Es-9^ 1-000 0-820 1-000 — 1-000 0-462
9 M od-I^ 0-565 0-0 0-0 0-0 0-423 0-087
9 Pgm-3^ 0-199 0-0 0-293 0-175 0-151 —

17 Pgk-2^ 0-0 0-514 0-750 — 0-100 0-063
au tosom e Tam-2^ 1-000 0-609 0-212 0-281 0-104 0-274
autosom e G d a -F 0-0 0-0 0-0 — 0-536 —

N o . o f  loci scored 67 73 74 7 76 60
P roportion  polym orp hic 0-149 0-110 0-108 — 0-184 0-283
H eterozygosity  per locus 0-039 0-031 0-037 — 0-060 0-085

N o . o f  ind ividuals scored 69 96 70 20 96 120

[Standard m ou se locus and term inology used (L yon & Searle, 1989). T he loci listed are so lub le  
isocitrate dehyd rogenase (Idh-1), adenosine deam inase (A da), carb onic anhydrase-2 (C ar-2), 
aconitase (A co-1), g lucose dehydrogenase (G pd-1), gIucose-6-phosphate dehyd rogenase (a u to so 
m al) (G 6pd-a), p h osp h og lu com u tase -1 (P g m -l) ,  xy lose  dehydrogenase (X ld-1), m itochondrial m alic  
enzym e (M o d -2 ), h aem oglob in  )3-chain (H bb), g lu tath ion e reductase (G r-1), esterase-9 (E s-9), 
supernatant m alic enzym e (M od-1 ), p h osph oglucom utase-3  (P gm -3), p h osph oglycerate  kinase-2  
(P gk-2), tosyl arginine m ethylesterase-2 (T am -2), guan ine deam inase (G da-I).]
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1985. However, the population at this time was depressed by the removal of 70 animals from the 
island the previous autumn. At the time, no further work on Faray was planned and it was 
assumed (probably wrongly) that the population could easily tolerate the removal of this number. 
The other two spring populations for which there are data (1984 and 1986) were larger than in 1983 
and 1985, both on the grounds of the numbers caught and the proportion of marked animals 
surviving to the end of the breeding season. Notwithstanding, we estimate the population at both 
times to have been less than one hundred.
The frequencies of segregating allozymes and overall biochemical variation are listed in Table 

III. The autumn 1982 Faray sample was screened for 74 loci; eight of these were polymorphic 
(seven given in Table III, plus esterase-5 where heterozygotes are not scoreable) and 66 were 
monomorphic {Gdc-1, Pfk-1, Pfk-2, Ald-1, Ald-3, Oct-1, Xld-1, Glo-1, Cs-1, Pk-1, Pk-3, Hk-1, 
Pep-1, Pep-2, Pep-3, Pep-7, Gr-1, Sdh-1, Ak-1, Ak-2, Idh-2, Aco-2, Gpi-1, Mpi-1, Ldh-1, Ldh-2, 
Ldh-3, Got-1, Got-2, G6pd-X, G6pd-t, Mor-1, Mor-2, Pgm-l, Pgm-2, Mod-1, Gapd-1, Idh-3 
(NAD), Pgam-1, Pgam-2, Pgk-1, Gpd-1, Fbp-1, Fbp-2, Tam-1, Prt-4, Prt-5, Alb, Trf-1, Np-1, Gda- 
1, Dia-1, Car-2, Acp-1, Ada-1,6pgd, Es-1, Es-2, Es-3, Es-6 ( = Es-15), Es-8, Es-9, Es-10, Es-11, Es- 
14, Es-21{LCE)) (nomenclature as in Lyon & Searle, 1989).
Genetic distances between populations have not been computed; as far as the two Faray samples 

are concerned the greatest difference of frequencies between the samples were for alleles at the FIbb 
locus (f <0 001) (see below); the next largest was (for Aco-1), a probability of c. 10% (%̂i = 2 98). 
There were no deviations from the expected Hardy-Weinberg distributions at any locus. The 
proportions of polymorphic loci (0-11) and mean heterozygosity per locus (0-037) were similar for 
Faray and the neighbouring much larger and occupied islands (Papa Westray 800 ha, 1981 census 
human population 94; Westray 5000 ha, population 745; and Eday 3300 ha, population 154),

Table IV 
H bb segrega tion  on F aray

N um b er
scored'

H bb  genotyp es

Frequency o f  Hbb^dd ds ss

A utu m n 1982 69 33 32 4 0-290 ± 0 0 3 9
Spring 1983 26 17 9 0 0-173 ± 0 -0 5 2
A utum n 1983 113 57 52 4 0-265 ± 0 -0 2 9
Spring 1984 33 16 15 2 0-288 ± 0 -0 5 6
A utum n 1984 122 64 45 13 0-291 ± 0 -0 2 9
Spring 1985 14 6 5 3 0-393 ± 0 -0 9 2
A utum n 1985 87 25 43 19 0-466 ± 0 -0 3 8
Spring 1986 23 5 8 10 0-609 ± 0 -0 7 2
A utum n 1986 99 20 52 27 0-535 ± 0 -0 3 5

All spring caught 96 44 37 15 0-342 ± 0 -0 3 4
A ll autum n caught 490 199 224 67 0 -3 6 5 ± 0 -0 1 6
*AI1 autum n young 178 64 85 29 0-402 ± 0 -0 2 6
All autum n older 302 129 136 37 0-348 ± 0 -0 1 9
O verall total 586 243 261 82 0-362 ± 0 -0 1 4

* Y ou n g  m ice were defined as th ose w eighing less than 20 g.
'F resh ly  caught anim als only . i.e. om ittin g  m ice trapped and scored on  a 

previous visit.
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Table V
D istribu tion  o f  anim als caught on F aray: proportion  o f  to ta l catch  in each area  (num bers in paren theses; freq u en cy  o f  Hbb^ in ita lics)

Spring A utum n Spring A utum n Spring A utu m n Spring A utu m n
T rapping sites 1983 1983 1984 1984 1985 1985 1986 1986

N orth  W all +  Q u oy  +  C ott 0 -6 5 4 (1 7 ) 0 -3 1 0 (3 5 ) 0-441 (15) 0-328 (40) 0 -7 1 4 (1 0 ) 0-437 (38) 0 -4 7 8 (1 1 ) 0-323 (32)
Frequency o f  Hbb^ 0 1 7 6 0-300 0-400 0-300 0-250 0-395 0-727 0-516 03

m

D oggerb oat +  S ch oo l +  H am ar 0 -1 1 5 (3 ) 0 -1 5 9 (1 8 ) 0-147 (5) 0-254 (31) 0-0 (0) 0 -1 2 6 (1 1 ) 0-043 (1) 0-091 (9) n
73

F requency o f  Hbb^ 0 1 6 7 0-306 0-300 0-210 0-0 0-591 I -000 0-778 <

Burial ground +  L ack quoy +  W indyw alls 0-077 (2) 0 -2 1 2 (2 4 ) 0 -1 1 8 (4 ) 0-279 (34) 0 -2 1 4 (3 ) 0-276 (24) 0-043 (1) 0-283 (28) y
Frequency o f  Hbb^ D i l i 0-292 0-125 0-397 0-833 0-604 l-OOO 0-536

H ollan d  +  N ess 0-154 (4) 0 -3 1 9 (3 6 ) 0 -2 9 4 (1 0 ) 0 -1 3 9 (1 7 ) 0-071 (1) 0-161 (14) 0-434 (10) 0-303 (30)
M

Frequency o f  Hbb^ 0 1 2 5 0-194 0-200 0-206 0-500 0-32! 0-550 0-483

T ota l num ber caught 26 113 34 122 14 87 23 99
Overall frequency o f  ///>/>* 0 1 7 3 0-265 0-288 0-291 0-393 0-466 0-609 0-535
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although less than the north-east mainland Scottish sample from Greenland Farm, Caithness 
(0 28 and 0-085, respectively).
The only polymorphic locus which could be scored in blood (i.e. without killing the animal) was 

Hbb. The three genotypes at this locus were subdivided into sex and age classes. The latter were 
defined on the basis of a clear bimodality of weight distribution in the autumn-caught samples, and 
separated into animals less and greater than 20 g. Only four out of 95 animals caught during spring 
visits (before the start of breeding) weighed under 20 g. There were no sex differences in the 
bimodality.
There were no deviations from the binomial expectations for expected genotype segregation in 

any sex, weight or total sample, nor in the comparison of frequencies in the two sexes or between 
young and old autumn-caught animals (i.e. comparing the summation of those less and greater 
than 20 g) (Table IV). However, the change in allele frequency between the first and last samples 
(autumn 1982 and autumn 1986) was statistically significant (/-, = 10-92; F<0-001). Most of this 
change took place between autumn 1984 and autumn 1985, when the frequency of Hbb̂  increased 
from 29-1% to 46-6%. These two frequencies are statistically different (%-| =6-09; P̂ O-015); 
neither is formally distinct from the small spring 1985 sample (frequency of Hbb̂  = 33-3%).
Only 21 animals were caught in spring 1985, and 13 of these were caught along the North Wall, 

at the end of the island. Overall 198 of 518 (38-2%) animals caught in 1983-6 were caught in the 
northern quarter of Faray (North Wall, plus the ruined farm buildings of Quoy and Cott) (Table 
V); sites of capture were not recorded in autumn 1982. This indicates that population density was 
generally higher in this region than in other parts of the island, and the survival of more animals 
here than elsewhere following the heavier than average mortality of the 1984-5 winter was not out 
of the ordinary.
The distribution of Hbb alleles in different parts of the island did not deviate from homogeneity 

overall (Table V), nor was there any consistent difference in frequencies between the two ends of 
the island (summed Hbb̂  frequency from the northernmost sites of North Wall, Quoy and Cott 
was 0-364 + 0-024; from the southernmost sites of Holland and Ness it was 0-311 ±0-030). 
However, the frequency of Hbb̂  in the North Wall animals in spring 1985 was 0-167 + 0-088, only a 
quarter of the value in the 15 animals caught along the North Wall in autumn 1985 (0-633 ± 0-088).
As already noted, the overall frequency of Hbb̂  increased significantly between autumn 1984 

and autumn 1985. The latter population would have been made up entirely of the survivors of the 
1984-5 winter and their offspring. Since most of the Hbb̂  alleles in the latter were found in the 
southern part of the island (nine out of a total of 14 in the 21 animals caught), this implies that 
the latter contributed more than the northern group to the continuing population. Although the

Table V I  

R obertsonian fu sion s on F aray

N um ber
scored

4.10  fusions
Frequency o f  

Rb (4.10)hom ozygou s heterozygou s

A utu m n 1982 33 5 14 0 -3 6 4 +  0 0 5 9
A u tu m n  1984 18 0 4 0 -1 1 0 ± 0 0 5 2
A utu m n 1985 8 0 0 0 0
A utum n 1986 15 0 4 0 1 3 3  ± 0 -0 6 2

R bs (3.14) and (9.12) were h om ozygou s in ail m ice exam ined
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figures do not mean much on such small numbers, the frequency of Hbb̂  in the southern sub
sample in spring 1985 was 0-750 ±0-153; the overall frequency in September 1985 was within two 
standard errors of this value, which means that the observed change was within the range of 
sampling error.
The incidences of Robertsonian translocated chromosomes are given in Table VI. All animals 

were homozygous for fusions between chromosomes 3 and 14, and 9 and 12; fusions between 4 and 
10 were segregating in all four samples. The frequency of Rb (4.10) chromosomes fell significantly 
between 1982 and 1984 = 5-14, P^0 025) and between 1982 and 1986 (%̂i =4-29, f = 0-05).

Discussion

The remarkable and unexpected discovery about the Faray mouse population is its small size. It 
differs in this from all previous studies of island house mouse populations. The problem is to link 
the population dynamics and genetical constitution of the population. The observed increase in 
the frequency of the Hbb̂  allele (Fig. 2) may have been due to natural selection. However, it seems 
more likely on the basis of the overall population numbers, lack of any direct indication of 
selection (such as frequency differences between age classes) and the uneven distribution of the 
allele in different parts of the island (Table V), that the allele was drifting randomly in frequency. If 
so, this is apparently the first demonstration in a natural population of drift unconnected with a 
founder effect (Berry, 1992). But on the available data, it is formally impossible to distinguish 
between drift and selection, and in this respect reflects other studies which have sought to separate 
them (e.g. Wright, 1951; Sheppard & Cook, 1962, on the moth Panaxia dominula).
Hitherto, all studies of small house mouse populations are of ones which were on the way to 

extinction (Grizzly Island— Lidicker, 1966; St Kilda— Berry & Tricker, 1969; Linga and Oxna—  
Berry, Cuthbert & Peters, 1982) or where an introduced allele was lost (Myers, 1974). All other 
populations described so far have persisted for at least a hundred years and involved animal 
numbers fluctuating between several hundred and several thousand. For example, the best-studied
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population is on the Welsh island of Skokholm (less than half the area of Faray), where numbers 
varied in a 10-year period between about 250 and 4000 (Berry, 1968, 1978; Berry & Jakobson, 
1971). The Faray population described in this paper ranged from less than 50 to a maximum of 
400-500.
There is no obvious reason why the Faray population is so small. It does not differ in overall 

levels of variation from the populations of nearby islands, all of which have approximately half the 
variation found in mainland mice (Table III). Such a difference is commonly found between island 
populations of small mammals (which will often have gone through a genetical bottleneck at the 
time of colonization) and their mainland neighbours (Berry, 1986). In general, the main 
environmental problem for house mice is intermittent low temperature (Berry & Jakobson, 1975; 
Berry & Bronson, In press), but there were no extreme climatic conditions during our period of 
study. Climatic data from Kirkwall Airport (28 km south, the nearest Meteorological Office 
station) show that the first three months of 1985 were only 0 4^C colder than the long-term 
average, although they followed a particularly warm November and December (1-3°C above 
average) which may have made the subsequent colder weather more stressful than it would 
otherwise have been. The Faroe group of islands 300 km north has thriving outdoor populations 
of house mice, although there have been no population estimates there (Evans & Vevers, 1938; 
Williamson, 1948; Berry, Jakobson & Peters, 1978). We do not know why the Faray population 
only increases four- to five-fold in the breeding season, whereas the Skokholm one consistently 
grew seven to eight-fold; the most likely explanation is that the breeding season is shorter, and 
hence fewer litters are born in the north than further south.
Genetic drift has excited controversy in population genetics ever since its formal definition by 

Fisher and Wright in the 1920s. Although the theoretical conditions for its operation can be clearly 
specified, no unequivocal example of persistent drift has ever been identified (in contrast to 
intermittent drift where a population passes through a crisis in numbers, usually by a colonizing 
event: Waddington, 1957; Berry, 1977; Turner, 1987). The occurrence of persistent drift has often 
been claimed, but never substantiated.
The Faray population is reduced virtually every winter to numbers low enough to drift to 

operate, with the situation compounded by its sub-division into territorially defended demes, 
although these are normally insufficiently rigid to allow random changes (Berry, 1986; Berry et al., 
1991) despite claims to the contrary (DeFries & McClearn, 1972; Klein, 1975). The proportion of 
animals which changed their residence on Faray was similar to that on Skokholm (Berry & 
Jakobson, 1974). However, the ecological evidence suggests that the number of breeding 
individuals on Faray at the beginning of the breeding season in 1984 and 1985 may have been 
much less than the total number of animals in spring 1985 which was estimated to be fewer than 
fifty. The increase in Hbb̂  frequency during the study can thus fairly reasonably be attributed to 
drift; the change in Rb (4.10) frequency is also probably a drift event, but the data and background 
knowledge of Robertsonian translocation dynamics are much less and it is not possible to know 
why this change occurred (Corti, Ciabatti & Capanna, 1990; Redi, Garagna & Zuccotti, 1990; 
Searle, Hubner, Wallace & Garagna, 1990).
Much is known about the genetics and physiology of the Hbb locus (Jahn et al, 1980); the two 

common alleles s, d affect the oxygen-binding capacities of the haemoglobin molecule (Peters, 
Loutit & Andrews, 1982; Newton & Peters, 1983), and often show changes with time indicative of 
natural selection (Berry & Murphy, 1970; Berry & Peters, 1975; Berry, Jakobson & Peters, 1978), 
although it is possible that Hbb is only serving as a marker for a linked locus (Bellamy et al, 1973; 
Myers, 1973; Garnett & Falconer, 1975). However, different island populations have very
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different frequencies of the Hbb alleles, including fixation of either the s or the d allele (Berry & 
Peters, 1977; Berry, Jakobson & Peters, 1978), which can be interpreted as evidence that genetic 
variation at the locus is neutral. Notwithstanding, a finding by Berry et al. (1991) that Hbb̂  
introduced into a population which did not previously possess it, attained and maintained a 
constant allele frequency, implies that some form of selection affects its chromosomal segment. 
But weak selection of this nature could easily be overridden by a sampling effect, leading to drift.
In summary, we conclude that the change in Hbb̂  frequency in the Faray population was almost 

certainly the consequence of genetic drift; the changes of Rb (4.10) frequency may also be random, 
but the factors affecting Robertsonian translocation frequencies are less well understood than for 
gene substitutions. Most claims for the operation of drift are made on the basis of insufficient 
knowledge about other genetical forces acting (Cain, 1964, 1977). Consequently, it has seemed 
right to present the biology and dynamics of the Faray population in detail. We believe that our 
conclusion of drift is one of the first— and perhaps the very first— to be properly substantiated in a 
wild population.

T his work was initially funded by the Natural Environm ent Research C ouncil. It has involved m any field 
assistants, particularly Susan Berry. Our special thanks go to M r M arcus H ew ison o f  W estray for perm ission  
to work on Faray and to Dr & Mrs D avid Judson for logistic support. The electrophoretic gels were run by 
M essrs Ray N ash and Peter King. W e are grateful to Professor A. J. Cain, F R S  for his com m ents on our 
interpretations. The figures were drawn by M r A. J. Lee.
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B A C K G R O U N D

One of the earliest genetic reports on a wild mammal was that of Philip 
(1938), who found that house mice caught in a coal mine by Elton (1936) 
“were not mating at random, but break up into comparatively small mating 
groups”. Klein (1975) reviewed more than forty published studies of 
experimental and observational work on mice, and concluded “These sources 
reveal that the mouse population is divided into small subpopulations or demes 
(breeding units, family units, tribes, colonies) . . . occupying not larger than a 
few square meters . . . An average deme consists of 7-12 adult mice”. DeFries & 
McClearn (1972) judged likewise, “It is quite conceivable that the effective 
population size in natural populations is less than four . . . With such a small 
effective population size, random drift would be an important factor in 
determining allelic frequencies in local populations”.
However, virtually every longitudinal study of mice living in a reasonably 

stressful environment (as distinct from commensally; Walkowa, 1981) has 
shown a degree of population churning. For example, Lidicker (1976) found 
quite extensive genetic mixing through the formation of new social groups. 
Similar results have been obtained by other workers (reviewed Berry, 1986a). 
“The species seems incredibly flexible in its social mores commensurate with its 
deserved reputation as an ecological opportunist” (Lidicker & Patton, 1987).
Despite these results, it is generally believed that immigrants into an 

established population are unlikely to be reproductively successful (Reimer & 
Petras, 1967). An important experiment was carried out by Anderson, Dunn & 
Beasley (1964). Following considerable theoretical work (Lewontin & Dunn, 
1960; Lewontin, 1962), they released /-heterozygous male mice onto Great Gull 
Island (7.5 ha). Long Island Sound, New York, where no /-allele was present. 
Their expectation was that the introduced /-allele (haplotype) would rapidly 
increase in frequency because of its 95% transmission rate by males. The 
introduced allele did become established in the immediate area of its 
introduction within the first two breeding seasons, but thereafter spread very 
slowly— much more slowly than would have occurred if the Great Gull 
population was behaving as a single breeding unit (Bennet et al., 1967). 
Anderson et al. (1964) believed that “social and ecological factors” limited its 
spread. The allele subsequently disappeared from the population (Myers, 
1974a).

E X P E R IM E N T

In April 1982, 77 mice (42 males, 35 females) caught in Eday, Orkney 
(59° 1 FN) were released at the south end of the 60 ha Isle of May in the 
Firth of Forth, Scotland (56° 12'N). The Isle of May had a long-standing 
population of house mice (first described c. 1880: Southern, 1938; Eggeling, 
1960), which were peculiar in being effectively allozymically monomorphic 
(only three heterozygotes at one locus and two at another were found in a 
sample of 40 mice scored at 71 loci). The Eday animals were heterozygous at 5% 
of their loci; they were also homozygous for three Robertsonian (centromeric) 
fusions (3-14, 4-10 and 9-12) (Brooker, 1982); and carried different 
mitochondrial and Y-chromosome DNAs to the May population. At the time of 
release, there were an estimated 1000 mice on the May.
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R E S U L T S

Six segregating allozymic loci were scored in samples of the May mice at six- 
monthly intervals (April and September each year, i.e. at the beginning and end 
of breeding) from September 1982 to April 1988; karyotypic and D N A  studies 
were carried out on autumn-caught samples, and on the original May and Eday 
mice; and osteometric comparisons of mandible size in the parental and 
subsequent populations were undertaken, using Testing’s (1972) technique.
The introduced mice showed an immediate dispersal from the release site. By 

autumn 1982, 26% (47 males and 28 females) of 293 animals typed were 
carrying one or more alleles introduced from Eday; this included one animal 
from an islet isolated at high tide from the main part of the May, c. 1700 m  away 
from the release site.
All six Eday alleles monitored by electrophoresis of blood (i.e. in samples 

taken from animals in situ, without disturbing or removal from the population) 
increased in frequency during 1983; by spring 1984 (two years after the original 
release), the rate of increase had slowed considerably; and by 1985 there was no 
significant heterogeneity over the whole island, although further samples 
showing local fluctuations occurred in the frequencies of individual alleles.
Information about the Y-chromosome and mitochondrial D N A  introduced 

from Eday is less detailed than for allozymes, but the Eday Y-chromosome 
apparently spread at a similar rate to the allozymes, while Eday mtDNA 
increased in incidence and distribution at only about one-third the rate, 
suggesting that most of the introgression was male-determined.
Surprisingly, in view of the amount of fitness reduction expected in 

translocation heterozygotes (and observed in laboratory studies: Cattanach & 
Moseley, 1973; Gropp & Winking, 1981), the introduced Robertsonian 
chromosomes increased at a similar rate to the allozymes and Y-chromosome 
(rapidly at first, then apparently stabilizing by 1984), indicating that they 
contributed little net detriment to their carriers (a similar conclusion was hinted 
at by Gropp et al., 1982), and that their spread was not limited by social (deme) 
organization.
The mandibles of Eday and pre-introduction May mice were clearly different 

for both size and shape on a canonical discriminant analysis. Post-introduction 
samples had larger mandibles, presumably as a result of heterosis, and a shape 
intermediate between the two parental populations, with the amount of Eday 
influence approximately equal to that indicated by allozymic heterozygosity. 
The post-introduction mandibles were also considerably more variable on 
average than the original May ones.

C O N C L U S IO N

Data from allozymes, DNA, chromosome analysis and morphometric studies 
are consistent in showing the rapid spread and hybridization of Eday mice 
introduced into existing May population. The latter was apparently typical in 
all respects except for its genetical homogeneity. This may have meant that 
Eday-May hybrids were significantly fitter than expected because they were in 
competition with a May population depressed by inbreeding; this could have 
facilitated the spread of Eday traits. However, genetical factors should not affect
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the social structure of the original May population; clearly and unexpectedly in 
view of previous results, there seems to have been no social barriers to the Eday 
mice.
Another unexpected result of the experiment was the apparent stabilization of 

the frequencies of the introduced alleles. Although there are signs of seasonal 
changes in allele frequencies, none of these are statistically convincing (in 
contrast to other mouse populations where seasonal and/or age-related changes 
are clear-cut: Berry, Jakobson & Peters, 1987), and hence there is no 
unequivocal evidence of the operation of natural selection on the individual loci. 
Notwithstanding, the rapid increase in the frequencies of all six monitored alleles 
followed by a continuing period of fairly constant frequencies indicates that some 
controlling factor(s) is in operation.
Strong natural selection acting on mice living on temperate and sub-Antarctic 

islands has been inferred by Berry and his colleagues on the basis of changes with 
time or age in allele or genotype frequencies, manifested particularly at the Hbb 
and Es-2 loci (Berry, 1986b; Berry et al., 1987). Newton & Peters (1983) showed 
that the two common alleles of Hbb affect the oxygen binding properties of 
mouse haemoglobin, and hence are likely to affect fitness. Whilst this is true, 
Garnett & Falconer (1975) concluded that changes in Hbb allele frequency in a 
laboratory selection experiment (for body size) must have been a consequence of 
pleiotropy or linkage, and a similar conclusion emerged from non-concordant 
changes in Hbb genotype frequencies in a study of a natural population by Myers 
(1974b). Bellamy et al. (1973) found that segregation of the Hbb and Es-2 loci 
functioned as a ‘switch’ for a suite of phenotypic characters (including body size, 
organ weights, haematological traits, etc.), again indicating that the effect of 
these genes is more than their primary action. Despite attempts to minimize the 
influence of ‘genetic architecture’, empirical evidence seems to suggest that it 
may be more important that current models indicate (Barton & Charlesworth, 
1984).
The May mouse population has changed as new genes have been incorporated 

into it. Objective data on change has come from morphometric, electrophoretic 
and karyotypic analyses. Demographic data are more difficult to compare 
because of their intrinsic variability, but it appears that the difference between 
minimum and maximum numbers is greater than previously, perhaps indicating 
that the population has moved from a low variable Æ-selected population to a 
high-variable r-selected one (Krebs & Myers, 1974; Southwood, 1988). It will be 
interesting to monitor the fate of different traits in the population as time passes 
and conditions vary (Berry, Jakobson & Triggs, 1973).
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In April 1982, 77 house m ice from  the O rkney Island o f  Eday were released by R . J. Berry and his 
associates on the Isle o f  M ay, Firth o f  Forth . T he Isle o f  M ay had a standard house m ouse  
karyotype (2n =  40), w hile th ose from  Eday are h o m ozygou s for three centric fu sion s (2n =  34). 
W ithin 18 m onths o f  in trod uction  (Septem ber 1983), each  centric fu sion  had increased in 
frequency from  an estim ated starting value o f  8%  to  a value c lo se  to 50% , and they were 
segregating in accordance w ith  H ardy-W ein berg  expectations. In essence, the transform ed  
pop ulation  was behaving as a panm ictic unit. T he frequencies o f  introduced ch rom osom es had 
apparently stabilized by Septem ber 1986 w ith values around 65%  for all three fusions. The  
cytogenetic  data obtained in the Isle o f  M ay in trod uction  experim ent accord w ell w ith data for 
single gene loci (represented by allozym e data) and m orph om etric  data. M ale E d ay-M ay  FI 
hybrids were found to have a low  frequency o f  non -disjun ction  (13% ). T h is study is unusual 
because the successfu l in trod uction  o f  m ice into an established p op u lation , and the introgression  
and stabilization o f  three centric fusions, could  not have been predicted from  previous studies on 
the m ouse.
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Introduction
Chromosome rearrangement may be important in spéciation. For example, related species often 

have different karyotypes. However, other well-defined species have the same karyotype (see 
Mayr, 1963; White, 1978a, b). 
Central to the idea that chromosome rearrangements have a role in spéciation is that 

heterozygotes between chromosome races have reduced fertility, restricting gene flow, and leading 
to partial reproductive isolation. This may be followed by selection for premating isolation, and 
increased genetic distance through accumulated genetic change after spéciation (see Ayala, 1975).
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There is uncertainty about the mechanism by which chromosome rearrangements become fixed 
within a population, and how several such rearrangements may be accumulated. Different factors 
which are thought to be important in fixation are: the selective advantage of the new 
homokaryotype; vagility; meiotic drive; inbreeding; genetic drift; and deme size (Bengtsson & 
Bodmer, 1976; Lande, 1979; Hedrick, 1981; Slatkin, 1981; Walsh, 1982).
Hybrid zones between chromosome races offer the opportunity to study evolutionary process in 

nature. Many examples are documented including Acomys (Wahrman & Goitein, 1972), Gerbillus 
(Wahrman & Gourevitz, 1973), Sorex (Searle, 1986), Spalax (Nevo & Bar-El, 1976), Thomomys 
(Thaeler, 1974; Patton et al., 1979, 1984), and Uroderma (Baker, 1981; Hafner, 1982).
Areas of contact between races giving rise to Robertsonian polymorphism exist within the range 

of the house mouse (Spirito et ai, 1980; Adolph & Klein, 1981; Gropp et al., 1982; Corti, Ciabatti 
& Capanna, 1990; Nance et al., 1990). What is not clear is whether zones of contact are isolating, 
and how important Robertsonian chromosomes are in maintaining such isolation. Also, studies 
on house mouse hybrid zones are quite likely to be confused by effects caused by the interaction of 
man and mouse. For example, mice can be passively transported over relatively large distances 
between farms in feed-stuffs.
This study describes the artificial creation of a house mouse Robertsonian polymorphism on a 

small island. It is analogous to a hybrid area of contact between races of Robertsonian and all- 
acrocentric mice, but essentially free of the disturbing influence of man. Perversely, because of the 
success in introducing mice into an established population, it also shows that man can be effective 
in transporting mice over a large distance.

The Isle of May

In April 1982,77 house mice from the Orkney island of Eday were released on to the Isle of May, 
Firth of Forth (60 ha; estimated population at that time was 1000 mice). Isle of May mice had 40 
acrocentric chromosomes (2n = 40, NF = 40) and were allozymically monomorphic (and therefore 
probably highly inbred). Eday mice have three pairs of Robertsonian translocations (2n = 34, 
NF = 40) and 12 polymorphic allozyme loci have been described. Three centric fusions and 14 
allozyme loci are now polymorphic and segregating in the Isle of May mouse population (Berry et 
al., 1991; Scriven & Bauchau, 1992).

Materials and methods

Five house m ouse sam ples were iive-trapped at random locations at different tim es after the introduction  
(see Berry et ai, 1991, for details o f  the release experim ent and subsequent trapping) and karyotyped: 18 
m onths (70 anim als), 30 m onths (51 anim als), 42 m onths (43 anim als), 54 m onths (59 anim als), and 66 
m onths (79 anim als).

Som atic karyotype analyses were conducted on G -banded m etaphase spreads o f  peripheral blood  
lym phocytes obtained by orbital sinus puncture and culture (Buckland, Evans & Sumner, 1971; Triman, 
D avisson & Roderick, 1975). and on bone m arrow cells obtained by direct chrom osom e preparation (Ford, 
1966). The karyotype was determ ined from at least 3 high quality G -banded cells; an additional 3 cells were 
used for chrom osom e counts. M ale m eiotic preparations (Evans, Breckon & Ford, 1964) were m ade from  
original M ay, Eday, and FI E day-M ay hybrids bred in the laboratory. In the m eiotic study, non-disjunction  
estim ates were made follow ing the m ethod o f  Cattanach & M oseley (1973). G -statistics were used in all cases 
to test for heterogeneity in frequency data (Sokal & Rohif, 1981).
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In total, 302 mice were scored in five samples caught each September from 1983 to 1987 
inclusive. There were no significant differences in chromosome frequencies between males and 
females. Chromosome frequencies for pooled sexes of all post-introduction samples are given in 
Table I. There were no significant deviations from Hardy-Weinberg expected frequencies at the 
5% probability level.

Table I

Frequencies o f  chrom osom es an d  a llo zym e a lle les' in troduced on to  the Isle o f  M ay. 
N  is the num ber o f  mice. EE, E M  a n d  M M  are E day, h yb rid  an d  M a y  typ e

F u sion /a lle le N EE EM M M p E
95% confidence lim its 
for p E  (b inom ial d ist.)

Sept. 1983
R b (3 .l4 ) 70 17 31 22 0 4 8 0 3 9 -0  57
R b(4.10) 70 16 33 21 0 4 6 0 3 8 -0  55
R b(9.12) 70 19 33 18 0 51 0 4 2 -0  59
Ej -3'’ 65 17 29 19 0 4 8 0 4 0 -0  57
Es-9* 68 16 42 10 0 54 0 4 4 - 0  65
E s- ll* 70 17 39 14 0 52 0 4 4 -0  61
P gm -y-^ 70 16 36 18 0 4 9 0 4 0 -0  57

P ooled 483 118 243 122 0 50

Sept. 1984
R b(3.14) 51 13 29 9 0 54 0 4 5 - 0  65
R b (4.10) 51 10 30 11 0 4 9 0 3 9 -0  59
R b(9.12) 51 26 21 4 0 72 0 6 2 -0  81

P ooled 153 49 80 24 0 5 8

Sept. 1985
R b(3 14) 43 15 22 6 0 6 1 0 4 9 -0  71
R b (4 1 0 ) 43 16 22 5 0 6 3 0 5 2 -0  73
R b(9.12) 43 25 14 4 0 74 0 6 4 -0  83

P ooled 129 56 58 15 0 6 6

Sept. 1986
R b(3.14) 59 22 30 7 0 6 3 0 5 4 -0  72
R b(4.10) 59 27 28 4 0 70 0 5 9 -0  78
R b(9.12) 59 22 32 5 0 6 4 0 5 4 -0  73
£ j - 3 ” 59 31 17 11 0 6 7 0 5 7 -0  74
Es-9* 59 14 33 12 0 52 0 4 2 - 0  65
E s- ll* 59 25 27 7 0 6 5 0 5 5 -0  78
Pgm -3*'’ 59 24 27 8 0 6 4 0-53-0-77

P oo led 413 165 194 54 0 6 3

Sept. 1987
R b (3.14) 79 30 32 17 0 5 8 0-49-0-65
R b(4.10) 79 39 35 5 0 72 0-63-0-79
R b(9.12) 79 35 36 8 0 6 7 0-58-0-74

P ooled 237 104 103 30 0 6 6

R. J. Berry, unpublished data
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The estimated introduction frequency in April 1982 for each centric fusion was 8%. Within 18 
months of introduction (September 1983), each centric fusion had increased significantly in 
frequency and approached 50% in the population. Heterogeneity between different chromosome 
frequencies was not significant at the 5% probability level. At that time every mouse karyotyped 
was hybrid, segregating for at least one Eday chromosome or allele; none of the mice screened in 
September 1983 had the original May or Eday genotypes. Heterogeneity in chromosome 
frequency was not significant between the ‘north’ and ‘south’ of the island (the division is shown in 
Fig. 1), or between chromosomes.
The frequencies of introduced chromosomes increased at a slower rate after September 1983, 

apparently stabilizing by September 1986 at a value around 65% for all three fusions. Each 
chromosome was still distributed over the whole of the island (Fig. 2), but there was a significant 
difference (?<0 05) in Rb(3.14) frequency, between the ‘north’ (0 71) and the ‘south’ (0 55). This 
was due to a lower frequency in the ‘south’ rather than a higher frequency in the ‘north’, as shown 
by a significant heterogeneity (f <0 05) between the frequencies in the ‘south’. Heterogeneity in 
chromosome frequency was not significant between ‘north’ and ‘south’ for Rb(4.10) or Rb(9.12), 
or between chromosomes in the ‘north’.
In the study of male non-disjunction at anaphase I, 1600 cells were scored from eight mice 

representing three karyotypes: Eday (three mice); May (two mice); and FI hybrid (three mice). 
Table II shows chromosome counts and frequencies of non-disjunction. Heterogeneity between 
individual mice within each karyotype was not significant at the 5% probability level. Pooling mice 
by karyotype, and using ‘less than or equal to 20’ versus ‘greater than 20’, showed that 
heterogeneity between karyotypes was significant (f <0 001). Heterogeneity between May and 
Eday karyotypes was not significant at the 5% probability level. Eday and May karyotypes had 
similar rates of non-disjunction (2 and 3%, respectively); the FI karyotype had a significantly

Table II

E stim ates o f  non-disjunction a t anaphase I  in FI hybrid, E day and M a y  m ale mice

M ale
genotype

Cell
num ber

C h rom osom e num ber
F requency o f  

non-disjunction  (%)

18 19 20 21 22 > 2 0 x 2 < 2 0 -k  > 2 0

Eday 200 4 13 179 4 0 4 11
Eday 200 1 13 184 2 0 2 8
Eday 200 3 20 174 3 0 3 13

P ooled 600 8 46 537 9 0 3 11

M ay 200 1 10 188 1 0 1 6
M ay 200 2 17 179 2 0 2 11

Pooled 400 3 27 367 3 0 2 8

FI 200 3 14 169 12 2 14 16
FI 200 3 13 171 13 0 13 15
FI 200 2 19 166 13 0 13 17

P ooled 600 8 46 506 38 2 13 16
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greater rate (13%) (using the 2 x hyperploid frequencies which are the better estimates of non
disjunction because they are less affected by cell breakage).

Discussion

Three allozyme alleles were introduced at the same frequency as the Robertsonian transloca
tions; Es-3̂, Es-9'̂ and Es-11“ are fixed in Eday mice, and were absent from May mice. In addition, 
Eday mice segregate for Pgm-3̂  and Pgm-3'° while May mice were fixed for Pgm-Ĵ  (R. J. Berry and 
associates, unpubl.). Berry’s unpublished electrophoretic data for mice collected from the island in 
September 1983 and September 1986 are also presented in Table I, Pgm-3̂'̂ have been treated as a 
single ‘allele’. Significant deviations from Hardy-Weinberg expected frequencies were found for 
£5-9“ in September 1983, and for £5-3*’ in September 1986 (although Es-3̂ was in Hardy- 
Weinberg proportions in the much larger total blood sample (Berry et ai, 1991), of which the 
karyotyped September 1986 sample is a sub-set).
Each chromosome and allele increased significantly in frequency between introduction in April 

1982 and September 1983, and there was no significant heterogeneity between chromosome and 
allele frequencies at the 5% level. The pooled frequency was 0 5.
With the exception of £5-9“, every chromosome and allele increased in frequency between 

September 1983 and September 1986 (Table I). However, £5-9“ is difficult to score, with 
homozygotes sometimes mis-scored as heterozygotes (P. King, pers. comm.), so the frequency of 
£5-9“ may have been underestimated. Increased frequencies of Rb(4.10) and £5-3’’ were significant 
at the 01% probability level, and of Rb(3.14) and Rb(9.12) at the 5% probability level; for £5-11“ 
and Pgm-3'̂'̂ the increases were not significant. There was no significant heterogeneity in 
frequency between chromosomes and alleles in September 1986. The pooled chromosome and 
allele frequency was 0 63. The increase in pooled frequency between September 1983 and 
September 1986 was significant at the 01% probability level.
Introducing Eday mice on to the Isle of May resulted in the successful introgression and 

stabilization of chromosomes and genes within a short time. The transformed population is 
behaving to all intents and purposes as a panmictic unit with chromosomes and genes segregating 
according to Hardy-Weinberg expectations. By September 1983 introduced allozymes and 
chromosomes had approached half their Eday value. A hybrid index using six blood allozymes 
was 2-27 in September 1983, half the Eday value of 4-53 (Scriven & Bauchau, 1992). Also, Eday 
and May mouse mandibles are significantly different in shape. Hybrid mouse mandibles in 
September 1983 and September 1986 were intermediate in shape to Eday and May mandibles 
(Scriven & Bauchau, 1992).
This result is unexpected because the successful introduction of mice could not have been 

predicted from previous studies on the house mouse (see Berry et al, 1991), and because the 
introgression and stabilization of three Robertsonian translocations could not have been 
predicted from previous studies using wild/laboratory mouse hybrids (such as Cattanach & 
Moseley, 1973; Gropp & Winking, 1981). Traditional views on mouse populations cannot be 
sustained in this instance. It is becoming clear that observations from those studies may not be 
valid for wild mice heterozygous for centric fusions (Gropp et al., 1982; Winking, 1986). Studies on 
other species have shown that ‘wild’ trivalent-forming Robertsonian heterozygotes do not suffer 
fitness disadvantage. These include sheep (Chapman & Bruere, 1975), shrews (Searle, 1986), and 
lizards (Porter & Sites, 1985).
The May study shows that three different Robertsonian translocations can segregate randomly
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in a population. However, significantly higher rates of non-disjunction were found in individuals 
heterozygous for three centric fusions. This would suggest some reduction in fertility, but either it 
is not yet enough to have any noticeable effect, or other factors promoting the success of the 
introgression were more important.
The Eday Y-chromosome spread at a similar rate to the allozymes and centric fusions, and three 

times the rate of Eday mtDNA, suggesting that most of the introgression was male-determined 
(Berry et al., 1990). Therefore, other important factors, such as female sexual preferences and/or 
inter-male aggression, may have contributed to the success of the introduction. Female 
preferences for homo- and heterokaryotypic males have been found to be significantly different. 
For example, females with 40 chromosomes tend to prefer males with a different karyotype, whilst 
females from a race characterized by centric fusions do not show a clear preference (Corti et ai, 
1989). Tests for social aggression have shown a tendency by one chromosomal race to suppress 
another (Capanna et ai, 1984), with males from a centric fusion race being more aggressive than 
40-chromosome mice, especially in the territory of the latter (Corti et ai, 1989).
Baker et al. (1983) suggest that heterozygote excess over Hardy-Weinberg expectation may 

maintain polymorphism by heterosis in Geomys. There is no convincing evidence for heterozygote 
excess in May mice. Corti et al. (1990), in their study of an area of hybridization in central Italy 
between the ‘C D ’ 22-chromosome race and populations with 40 chromosomes, found more 
heterozygotes than expected. They question how populations of the house mouse can bear such 
high levels of structural heterozygosity, and why the hybrid zone is increased rather than reduced 
(since the width of a hybrid zone is determined by the balance between dispersal and selection 
against hybrids). Clearly an explanation is that individuals heterozygous for single or few centric 
fusions do not have significantly reduced fertility, and as they suggest, previous hybridization 
studies with laboratory strains are most probably anachronistic and cannot be applied to nature.
This observation, coupled with R. J. Berry’s view that, because of the Isle of May experiment, ‘a 

rigid concept of inviolable demes cannot be maintained for the house mouse’, means that ideas 
about other factors (vagility, meiotic drive, inbreeding, genetic drift and deme size) thought to be 
important in any role of chromosome rearrangements in spéciation have to be revised. Conditions 
for the accumulation of centric fusions by a population may be less stringent, and the role played 
by centric fusions insignificant (except where contact exists between two Robertsonian races with 
monobrachial homology; Gropp & Winking, 1981). It remains to be seen what will happen to the 
Isle of May population in the future.
I thank P. Challinor, R. N ash  and P. K ing for their skilled technical work on the September 83 sam ple, and 
P. K ing for m any stim ulating d iscussions. I am particularly grateful to Prof. R. J. Berry for his helpful critical 
com m ents in the preparation o f  the manuscript. This work was supported by a grant from the N atural 
Environm ent Research Council.
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The purpose of this communication is to revise and clarify the position regarding house mouse populations with 
Robertsonian chromosomes in the northern Scottish county of Caithness.

Several years ago Adolph and Klein (1981) 
described three Robertsonian translocations in 
nine mice caught near Castletown in the north of 
Caithness. All were homozygous for Rb(4.10) and 
Rb(9.12); eight were homozygous for Rb(6.13), the 
other was heterozygous for this fusion. Hence, 
eight of the mice had a diploid chromosome num
ber of 34 (2n = 34), the other was 2n = 35. Shortly 
afterwards Brooker (1982) confirmed this finding 
and reported also 12 other Robertsonian transloca
tions in 31 Caithness house mice from 18 locations 
in the county.

In 1985, one of us (PNS) caught and karyo
typed ten animals from three locations in Caithness 
(table 1). Somatic karyotype analyses were made 
from G-banded metaphse spreads of peripheral 
blood lymphocytes obtained by orbital sinus punc
ture and culture (adapted from the methods of 
Triman, Davisson and Roderick, 1975; and Buck- 
land, Evans and Sumner, 1971). Only four Robert
sonian translocations were found, those described 
by Adolph and Klein (1981), plus Rb(11.14) 
described in Brooker (1982).

Since no mouse has been found within Caith
ness with less than 32 chromosomes (indicative of 
only four centric fusions), it seemed necessary to 
re-examine the earlier material. Analysis of photo
graphs and negatives (slides having deteriorated 
badly) led us to agree that only four Robertsonian

translocations seem to be represented in Caithness: 
Rbs(4.10), (6.13), (9.12) and Rb(11.14) (Fig. 1). 
Table 1 shows those individuals where the karyo
type was determined without equivocation. 
Although the sample sizes are small (one or two 
individuals in most cases), each centric fusion has 
a widespread distribution within Caithness. To 
date all Caithness house mice are homozygous for 
Rb(9.12) and Rb(4.10) (with one exception in 37 
mice karyotyped), but some are segregating for 
Rb(6.13) and Rb(11.14).

To the north, three of the Orkney islands have 
house mice with centric fusions (Adolph and 
Klein, 1981; Brooker 1982; Nash, Brooker and 
Davis, 1983). All mice with Robertsonian chromo
somes in this region share Rb(9.12) suggesting they 
have a common origin. Excluding Rb(6.13) (which 
is also found in the CD race of central Italy; 
Capanna, Civitelli and Cristaldi, 1977), no Scottish 
Robertsonian translocations have been reported 
elsewhere to our knowledge.

In summary, Caithness house mice have four 
Robertsonian translocations. They are homozy
gous for Rb(9.12) and Rb(4.10), and segregate for 
Rb(6.13) and Rb(11.14). These results do not 
adversely affect Caithness’s relationship with other 
Robertsonian populations (see Larson, Prager and 
Wilson, 1984). However, Caithness mice are 
obviously less curious than previously thought.
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Table 1 A nalysis o f  hou se m ice caught in C aith ness

Location
O .S . G rid  
R eference

N o . o f C entric fu sion

â 9 2n 4,10 6.13 9.12 11.14

B ro o k er (1982)
(4) D unnet, C astletow n 215714 1 37 hom het
(6) G reenland 244676 1 34 h om h om h om
(7 ) Lyth 278633 1 35 hom het hom
(8) Sortat, Lyth 289632 1 32 hom h om h om h om
(9) Auckengill 363643 1 32 hom h om hom hom
(9) A uckengill 363643 1 33 hom h om hom h et
(9) A uckengill 363643 2 36 hom hom

(11) B ow erm adden 241643 1 34 hom het h om het
U 2 ) Spittal, Halkirk 167545 1 36 hom hom
(13) Low er Strath-W atten 257550 1 32 hom hom hom h om
(14) W estfield-Lew ary 058643 1 35 hom het hom
(15) Bardnaclavan 071647 1 35 hom hom het
(16) Brickigore, Thrum ster 345447 1 32 hom hom hom hom
(17) Sm eriie, Lybster 322407 1 1 36 h om h om
(18) Lybster 243357 36 hom hom
Sutherland, H elm sdale 029166 1 40
Sutherland. M elvich 882647 1 1 40

A dolph and K lein (1981)
C astletow n 195679 — — 34 hom h om hom
C astletow n 195679 — — 35 hom het hom

Scriven (1985, u n publish ed )
Shalm stry 130646 1 32 hom h om hom h om
John O ’Groats 381725 2 32 hom h om hom hom
John O ’Groats 381725 2 33 hom h om hom het
M iddle K eiss 341615 1 1 32 hom hom hom hom
H aw k H ill, K eiss 352625 1 32 hom h om hom hom
K eiss 362623 1 1 32 hom h om hom hom
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