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ABSTRACT

The data presented in this thesis consist of an examination of
chromosomal variation in British house mice. Mice from a wide
range of habitats were examined, ranging from Taunton in Somerset

to various islands in the Shetland group.

Following an introduction to the subject material and a chapter
concerned with materials and methods used, three chapters study
in detail three different aspects of chromosomal variation. The
first (chapter 3) involves a description of mice in Scotland that
demonstrate centric fusion of their chromosomes. This occurs in
the mainland county of Caithness and some , but not all , Orkney
islands. This process is termed "Robertsonian translocation" and
is the first British example of a phenomenon that has been seen
in wild mice from other countries. Chapter 4 describes an
examination of six populations of mice for variation in the
number and pattern of chiasma in male meiotic chromosomes.
Chapter 5 describes an examination of a number of populations of
mice for variation in the quantity of centromeric heterochromatin
as measured by C-bands. An attempt is made to quantify C-band
variation. Finally chapter 6 returns to the topic of Robertsonian
translocations and discusses the data generated in the light of
population genetics theory and cytogenetic theories of

speciation.
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CHAPTER 1

INTRODUCTION




"Wee, sleeket, cowran, tim'rous beastie ". Burns obviously never
realised that he was addressing a future giant of biological and
particularly genetic research . Along with its invertebrate
"colleague" , the fruit fly , the house mouse has contributed

more to modern knowledge of genetics than any other organism .

Berry (1981b) describes how the house mouse was well known in
ancient times in both the Near and Far East . He suggests that

speciation of Mus probably occurred during the Pliocene . Mouse

bones have been found in many archeological sites , in the
Caucasus , Malta , Mallorca , Spain, northern Germany and
England. Unfortunately the evidence is too fragmentary to

determine whether they were Mus musculus or not. Mice are now

found in almost all parts of the world (with some exceptions ,
such as most of central Africa). Traditional theory for their
distribution is that they spread with man during Neolithic times.
Certainly one of the remarkable things about house mice is the
range of habitats they are able to tolerate . Mice have been
found in free-living conditions on Hawaii in the tropics and on
the fringe of the Antarctic in the South Atlantic (Berry_et
al 1981 ; Berry & Peters 1975) . As a species it is able to

breed quickly and adjust rapidly to changes in its environment.

House mice have differentiated into a vast number of 1local
races. Schwarz & Schwarz (1943) listed 133 named forms which
they grouped into fifteen subspecies of the original Linnaen
species. They argued that the main differentiation of the

species had resulted through commensal forms arising from three



basic lines. These commensals have followed man as he migrated
around the globe, and in some places have developed distinct
feral forms. The main divisions recognised by Schwarz & Schwarz

(1943) were Mus musculus wagneri Eversmann (with a range from

the Volga to the Yellow Sea north of 42 N) which has given rise
to nine subspecies including M. m domesticus Rutty, the ancestor
of the 1laboratory mouse ; M. m. spicileqgus Petenyi (found in
south Russia west of the Volga, Bulgaria, Rumania, Hungary and
Austria) with one derived subspecies, M. m. musculus L living
sympatrically with it but also extending into northern Europe
including Scandinavia (and thus including the mouse of Linnaeus,

from Uppsala) ; M. m. manchu Thomas (from southeast Manchuria and

the main Japanese islands) with one subspecies ; and M. m.

spretus Latase (in Iberia, southern France and north Africa as

far east as Algeria).

I have given space to the above account because it is widely
described in most general accounts of mouse and rodent biology.
However, most modern workers now consider it to be substantially
incorrect. Berry (1981b) describes seven species following work
combining classical morphological techniques with electrophoretic
studies of enzymes and proteins by a number of authors (Marshall
1977, 1978; Sage 1978; Marshall and Sage 1981; Thaler, Bonhomme

and Britton-Davidian 1981). These species are:

1) Mus spretus Lataste - living in natural woodland and scrub

round the western Mediterranean from southern France to Spain and

from Morocco to Tunisia.



2) Mus abbotti Waterhouse - 1living in natural vegetation and

fields from at least Macedonia through Turkey and northwestern

Iran to the south coast of the Caspian Sea.

3) Mus hortulanus Nordmann - living in the natural steppe

vegetation and the grain fields which replace this in Eastern

Europe.

4) Mus musculus L. - the distribution of this species is from

Scandinavia, northern Denmark and the River Elbe eastward to at
least Yugoslavia and Thessalonia. It lives almost exclusively in
man-made habitats and seems to be completely dependent on

buildings during the winter in the north.

5) Mus domesticus Rutty - tends to be confined to buildings,

agricultural fields and vegetation altered by man. This species.
albeit with different colour morphs and different subspecies, is

found extensively through most of Europe up to the M. musculus

distribution and down to Africa, Iran and Pakistan.

6) Mus molossinus Dehne - an Asian species found in Japan,

Manchuria and Korea.

7) Mus castaneus Waterhouse - confined to coastal towns and

cities from Bombay to Fukien and around Taiwan, Indonesia and the

Phillipines.
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Following these definitions, through the 1980's, a large amount
of work has been performed on the biochemical differentiation of
groups (described in Bonhomme (1986)). Based on the parameters
of wvariability of mtDNA, rDNA non-translated spacer regions,
immunoglobulin 1light and heavy chains, T-cell antigens, t-
haplotypes, the major histocompatability complex, Beta 2
microglobulin, maternally transmitted antigen, liver
gangliosides, haemoglobin and electrophoresis of a variety of

soluble proteins, Bonhomme (1986) describes four main groups:

M. m. domesticus (Rutty - western Europe and the Mediterranean

basin, Africa, Arabia, middle East and transported by man to the

New World and many other places).

M. m. musculus (Linnaeus - from eastern Europe to Japan across

the USSR and northern China).

M. m. bactrianus (Blyth - from Iran to Pakistan and India).

M. m. castaneus (Waterhouse - from Ceylon to South East Asia

through the Indo-Malaysian archipelago).

Biochemical definition of these units does not preclude an

internal heterogeneity. For example M. m. domesticus includes a

variety of different morphs which may exhibit variability in
characters other than biochemical ones, such as tail length, coat
colour, other morphological characters or chromosome number.

However Bonhomme (1986) claims that these variations are recent

11



when compared to the intergroup variability. Groups differing in
chromosome number (by a process called Robertsonian fusion which
will be described later) show little protein variation (Britton-
Davidian et al 1980, Bonhomme 1986). Even within these four main
biochemical groups (or subspecies or semispecies or species) gene
exchange occurs wherever they come into contact, despite a high
degree of differentiation biochemically. Bonhomme et al (1984)
studied 42 loci electrophoretically and found a Nei genetic
distance (Nei 1972) ranging from 0.15 to 0.35 between the four

groups.

Two examples probably best illustrate that gene exchange occurs
between otherwise biochemically distinct groups. Yonekawa et al

(1986) have studied the hybridisations of M. m. musculus and M.

m. castaneus in Japan. Colonisation of the Japanese archipelago

by mice came from M. m. castaneus coming north from south east

Asia and M. m. musculus coming east from China. These two groups

have subsequently hybridised and formed a new group (called M.

m. molossinus) with differentially intermixed nuclear genomes

(Minezawa et al 1981, Miyashita et al 1985), and mtDNA's of the
two types differentiated on a geographical basis. The castaneus
mtDNA is restricted to the two extremities of Japan, while

musculus mtDNA occupies the centre (Yonekawa et al 1981).

In Europe M. m. domesticus and M. m. musculus are Kknown to

interact along a hybrid zone ranging from Denmark (Selander et
al 1969) to Bulgaria (Bonhomme et al 1983) where they exchange

nuclear genes in a non-random fashion. Extensive mtDNA flow

12



across this line occurs at several points of the zone (Ferris et
al 1983, Boursot et al 1984) and individuals with nearly 100%
musculus nuclear genome and a domesticus cytoplasm are to be
found in Sweden, with the reverse being found in Greece. Gene
flow is asymmetrical and differential depending on which part of
the genome is considered. The Y chromosome for instance does not

appear to cross the contact zone (Bishop et al 1985). The two

genomes thus do not completely blend and this is shown in
examples of male sterility in the northern part of the hybrid
zone, specifically in Denmark, northern and southern Germany, and
Czechoslovakia (respectively Winking and Sage, both quoted
separately in Bonhomme 1986 and Forejt and Ivanyi 1974). This
would not appear to be a narrow hybrid zone as autosomal alleles

characteristic of M. m. domesticus have been found in M. n.

musculus populations more than 200km north of the east Bulgarian
hybrid zone (Van Lerberghe et al, quoted in Bonhomme 1986) . Hunt
and Selander (1973) have suggested that this process of gene
exchange started some 5000 years ago, following deforestation of
central Europe. It does not appear, from the above, to have
stopped yet. Most classical inbred strains appear to be
recombinant between domesticus and musculus like genomes (Bishop

et _al 1985; Bonhomme and Guenet 1986).

The main body of knowledge of the house mouse has come from mice
bred for the laboratory. From early times mice with mutant
characteristics were kept and inbred . Pliny used white mice for
fortune telling and the word for "spottéd mouse" appears in the

first Chinese dictionary written in 1100 B.C. "Mouse fanciers"

13



have been around from early Chinese and Japanese societies to

present day Britain and America (Berry 1981b).

Early genetic work on mice included experiments on segregation
by a Geneva pharmacist named Coladon who bred large numbers of
white and grey mice , obtaining results in agreement with
Mendel's laws thirty six years prior to Mendel's publications
on peas (Gruneberg 1957) . Sturtevant (1965) suggests that
Mendel may have worked out the laws of heredity on mice , but
failed to publish this work because of possible disapproval of

his superiors . Peas seemed less controversial to the monks !

Modern strains of laboratory mice started in America in this
century in 1907 when a Harvard undergraduate , C.C.Little ,
studying the inheritance of coat colour, bred a pair of mice
carrying the alleles for the recessive traits dilution _ (d) ,
brown _ (b) and non-agouti (a) . This became the first inbred
strain , DBA. From here the work of comparing the effects of
genes and environment by studying the same genetic background in
different environments could begin . The history of the

laboratory mouse is reviewed by Festing & Lovell (1981) .

Searle (1981) has reviewed the growing knowledge of the mouse
genome since those early days , discussing in particular the
mapping of genes to individual chromosomes . Laboratory mice are
now used in many types of medical research , and are widely used
in toxicological testing of new pharmaceuticals , pesticides and

industrial chemicals . The laboratory mouse is so commonplace in

14



modern biological research that buying a particular strain from
a breeding company is as easy as ordering a bottle of

hydrochloric acid

This thesis however is not directly concerned with the laboratory
mouse , but with its wild progenitor . It is sometimes forgotten
by laboratory workers that the house mouse is an animal 1living
under conditions of physiological and ecological stress . Coupled
with the genetic knowledge , studies of populations of mice in
different environments can provide links between artificial
laboratory conditions and the extrapolation of these to the human

condition

Within the native range of the house mice their 1local
distribution in various habitats is broad, but there are
limitations. In different parts of their ranges, the species are

variably constrained to particular habitats.

Mus hortulanus has been the most thoroughly studied aboriginal

species (Naumov 1940; Hamar 1960; Festetics 1961; Mikes 1971).
Throughout its range, these mice 1live in grain fields and
remaining patches of native steppe grasslands. This species
occurs in the disturbed vegetation surrounding agricultural lands
and may be found in open habitats along river courses. In western

Europe and North Africa, M. spretus has been reported from a

variety of habitats (Cabrera 1914; Lay 1967; Fayed and Erome
1977; Sage 1981). In France, it occurs in biotypes, which include

a herb stratum. In Spain, it is widespread in the countryside

15



below 1000m elevation, in both chaparral vegetation and
agricultural fields. In North Africa, they occur in grasslands

and chaparral vegetation.

Mus molossinus has been studied in Japan and Korea (Hamajima

1961; Jones and Johnson 1965). In Japan, it is found primarily
in urban houses, farm buildings, and cultivated fields. In
smaller numbers, it lives along river levees, and seasonally in
pine plantations and rice paddies. In Korea, it was reported
primarily in abandoned agricultural lands and along water

courses. Mus castaneus is found only indoors in the Phillipine

islands (Sage 1981), Indonesia (Hadi et al 1976), Malaya
(Harrison 1955), Nepal and Thailand (Marshall 1977), and India
(Srivastra and Wattal 1973). This may be the most obligately
commensal species of house mouse. Within its range across
central Asia and into northern and eastern Europe, M. musculus
occupies a variety of habitats. At the northeastern limits of
its range in Siberia, it is found primarily inside of buildings
(Tupikova 1947; Romanova 1970). In central Europe
(Czechoslovakia and Poland) this species is found in buildings
and in agricultural lands (Pelikan 1974; Zejda 1975; Dynowski
1963). The field populations here do not persist throughout the
winter, and some animals actually migrate back into buildings

and stacks of hay. In a comprehensive survey, Zejda (1975) never

found this species in native woodland vegetation in
Czechoslovakia. To the northwest, in Denmark, they are
commensal, 1live in agricultural fields, in meadows, and

scrublands, but rarely occur in woodlands (Ursin 1952). In the
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autumn, there seems to be an immigration of the field-dwelling
mice into buildings, but it is not known whether some segment of
this population overwinters in the fields. Further north in
Sweden, this species does occur in natural habitats throughout
the year, as well as in dwellings (Zimmerman 1949). They were
reported living in rocky outcrops along the northern Arctic

coast, 50km from the nearest human settlement.

As presently understood, the native distribution of M. domesticus
and 1ts close relatives extends from Nepal westward to North
Africa and western Europe. In much of the rest of the world, it

is an adventive species. In Nepal, M. d. homorus lives indoors

and in agricultural fields at elevations higher than Kathmandu,

where M. c. castaneus is present (Marshall 1977). It does not

enter the forest habitat. Gaisler (1975); Hassinger (1973) and

Roberts (1977) report that M.d. bactrianus is widespread in both
agricultural and native habitats throughout most of Afghanistan
and Pakistan at elevations below 3000m . In Pakistan, they were
found 1living in a barren, stony ravine far from a human

settlement. The subspecies M.d. gentilulus lives both as a

commensal and a wild species along the coastal regions of the
south Arabian peninsula (Harrison 1972). Wild populations were
found living in the burrow system of sand rats (Meriones crassus)
in the desert. Across its range in the Middle East and north

Africa, M.d. praetextus is widespread in buildings, in

agricultural lands and in the moister native habitats (Harrison
1972; Atallah 1978; Ranck 1968; Sage 1981). In the Mediterranean

regions of Europe, M.d. brevirostris is found most frequently in

17



commensal situations rather than native habitats. In southern
Yugoslavia, where M. abbotti 1lives in the fields, M. domesticus
is found only inside of houses (Sage 1981). In Great Britain, M

d. domesticus is found indoors as well as outdoors in wastelands

and agricultural fields where it is the third most frequent
rodent (Southern & Laurie 1946). In both Spain and Great Britain,
this species can be found living in a completely feral condition
on small coastal islands, where they are frequently the only
rodent species present (Sans-Coma & Mas-Coma 1978; Berry 1970,
1981b). Unusual commensal habitats occupied by this species
include coal mines (Philip 1938) and frozen meat lockers (Mohr

& Dunker 1930; Laurie 1946).

Within their introduced range, M. domesticus lives in an even
greater variety of environments. This species can also be found
in north and south America (where they are found at high

altitudes in the Peruvian Andes) and in Canada. Mus domesticus

is widely distributed on Atlantic and Pacific islands, which
they colonised from the first sailing ships. In the tropics they
were absent from the Hawaiian islands when Cook first landed in
1778, Dbut were reported to be resident by 1825 (Tomich 1969).
They now occur on all islands of this chain (Sage 1981)._Mus
domesticus 1lives in natural environments throughout New Zealand
(Taylor 1978), 1in very high densities in a number of
environments in Australia (Sage 1981) and in some sub-Antarctic

islands (Berry & Peters 1975; Berry et al 1978, 1979).

A large amount of data on the genetics of wild house mice has

18



been generated by R.J.Berry . His initial studies were of 36
skeletal variants and the effect of biological and
microgeographical factors (Berry 1963) . Large inter-population
differences were observed (where each population was considered
to be mice from an individual corn rick) . The problem of
interpreting these variations led to long-term investigations of
genetically closed island populations of mice. Much work was done
on the mice from the island of Skokholm , off the Pembrokeshire
(now Dyfed) coast of Wales . The Skokholm mice proved to be so
different to mainland samples in their non-metrical variants that
the study broadened into an examination of morphology ,
physiology , ecology , behaviour , reproduction and ageing
(summarised in Berry 1977) . From 1966 the use of electrophoresis
to identify the amount of allozymic variation in population
samples improved the understanding of the factors maintaining
inherited variation in populations and led to a realisation of
the amount of heterogeneity in virtually all populations of mice.

That work has continued at an ever increasing rate.

From 1967 to 1970 investigators reported on the presence and
patterns of protein variation in wild mouse populations. Most of

these studies dealt with variation in Mus domesticus in North

America and Great Britain (Petras 1967; Selander & Yang 1969;
Petras et al 1969; Ruddle et al 1969; Selander et _al 1969b;
Berry & Murphy 1970; Selander 1970a; 1970b; Selander & Yang 1970;
Roderick et al 1971). Selander et al (1969a) studied Mus

domesticus and Mus musculus in Denmark. Later studies have added

more information to our understanding of heterozygosity levels
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in M. domesticus populations from around the world (Berry &

Peters 1977; Sage 1978; Rice & O'Brien 1980; Rice et al 1980).

The first extensive survey of variation at a large number of loci
(15-40) demonstrated that house mice were polymorphic at levels
comparable to what is found in man, but somewhat lower than in
Drosophila (Nei 1975). Under the assumption that the enzymes
studied represent a random sample of the genome, estimates of
individual heterozygosity (H) in man are about 0.10, in mice
about 0.09 and in Drosophila around 0.13. These studies also show

that Mus domesticus populations carried much of this genetic

variation with them when they colonised the New World. Most of

the alleles found in Danish, English and Spanish M. domesticus

have been found in north American populations. Danish M.musculus

were about as variable as M. domesticus. Island populations of

M. domesticus and M. musculus have slightly lower levels of

heterozygosity than mainland populations in Europe (Hunt &
Selander 1973; Berry & Peters 1977). However it appears that the

aboriginal species M. spretus M. abbotti and M. hortulanus are

much less variable , with heterozygosity estimates in the range

of 0-0.4 (Britton-Davidian & Thaler 1978; Sage 1978, 1981).

When used as markers for groups of related individuals, patterns
of electrophoretic variation can demonstrate how house mouse
populations are structured. Petras (1967) and Selander (1970a)
were able to show that mice living in barns could be organized
into extremely small, stable breeding units. Thus, within the

floor space of a single barn, analysis revealed geographical
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heterogeneity measured on the scale of a few square meters.
Groups of animals sharing similar genotypes were assigned to
restricted parts of the floor. Statistically significant
differences in gene frequencies were found between adjacent barns
on the same farm and between adjacent farms, but as Selander
(1970a) points out, the interbarn, within-farm variance was 75%
of the value of the between-farm variance. Thus much of the local
variation can be found within populations living on a single

farm.

On a continental scale in North America there may be some
regional differentiation of house mouse populations, but this is
not very extreme, and seems to be the results of unique patterns
of variation at each locus. Gradients of allelic change in North
America follow an east-west direction at the Es-3 locus, but a

more north-south axis for the Es-2 locus (Selander et al 1969b).

Data available from Denmark (Selander et al 1969a), Britain
(Berry and Peters 1977), and southern France (Britton-Davidian
and Thaler (1978) yield gene frequencies in European populations

of M. domesticus on a north-south gradient. Information for a

comparable series of north-south localities in the United States
are available: Minnesota-Wisconsin, Illinois, Ohio, and Florida

(Selander et al 1969b). At the beta-haemoglobin locus, there is
no discernible cline in Europe, but an increase in the Hbb d
allele from Minnesota to Florida. The Es-3, b allele increases
in frequency from north to south in Europe, but shows a change
in the opposite direction in the United States. The Es-5 locus

demonstrates an increase in the null, a allele from Denmark to
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France, but in the United States this same allele is at a higher
frequency in the extreme ranges than in the central populations.
At none of these loci are the patterns similar between the two

continents over wide latitudinal and temperature ranges.

R.J. Berry and collegues have examined, in a series of studies,
the changes in frequency of alleles in mouse populations from
year-to-year, between younger and older mice, and between sexes.
In many studies he has found significant shifts in allele and
genotype frequencies. These changes have been attributed to the
action of natural selection acting sometimes in a directional
manner and in other cases in a counter-directional, "endocyclic"
manner. A long term study of mice living on Skokholm Island
showed regular seasonal changes in the frequencies of the d and
s alleles of the haemoglobin locus, longer term changes in
frequencies of a dipeptidase allele, and statistically
significant departures in heterozygote frequencies at the Hbb 8
allele increased in 4 of 6 years between older (parental) animals
and subsequent, younger progeny. This change was attributed to
differential selection for alternate genotypes during the warmer,
summer breeding season, and the cold winter season. The Dip-1 b
allele decreased from 0.92 to 0.66 frequency between 1967 and
1968, but by 1975 it had returned to near fixation. There were
excess numbers of heterozygotes at the Es-2 locus in males but
not in females. But on two sub-Antarctic islands, the Hbb 8
allele decreased in frequency between older and younger animals
(Berry and Peters 1975; Berry et al 1978). On a third south polar

island, a marked and contrasting change in allele frequencies at
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the Es-6 and Got-2 loci was found in males versus females as they

grew older (Berry et al 1979). These loci are on the same
chromosome, and the data showed a statistically significant
linkage disequilibrium between potential genotype combinations.
The pattern of change is explained as due to the stabilizing
selection for alternative allelomorphs or the different
chromosomes. In a study of mice from three tropical Pacific
islands, no significant sex or age differences were found at ten
polymorphic loci (Berry et al 1981). On these three islands, the
Hbb 8 allele decreased in frequency between older and younger
mice living in warm climates, compared with the animals living

on cold temperate islands.

Proteins have been used to identify taxonomic units in the house
mouse group since the earliest applications of electrophoretic
techniques. Selander and Yang (1970) concluded from their
continent-wide survey of North American populations of house

mice that two supposed subspecies (domesticus and brevirostris)

could not be distinguished based on protein differences. In
Europe, Selander and his group (Selander et al 1969a; Hunt and
Selander 1973) studied a zone of contact between the two species

M. musculus and M. domesticus (called "semi-species" by these

authors). That important study revealed many interesting things
about the structure and dynamics of hybrid zones. They were able
to show that the contact zone, running across the central part
of the Jutland peninsular in Denmark, had remained stable for
more than 20 years, and it was probably as old as the earliest

farming cultures to occupy the region 5000 years earlier. The

23



hybrid zone' forms a band as narrow as 20km wide, and free
interbreeding between the zones takes place in this region. They
observed that the zone was asymmetric: there was extensive

introgression of M. domesticus alleles into M. musculus

populations, but the reverse condition did not occur. This may

be related to the social dominance of M. domesticus alleles over

M. musculus (Thuesen 1977). They also reported the presence of
alleles in very low frequencies at the Es-2 and Es-3 loci, but
only in populations 1in the hybrid zone. This rare-allele
phenomenon has now been reported in hybrid zones of a number of
different types of animals (Sage and Selander 1979), and may be
a regular source of additional variability to such interacting

species.

For British house mice, although extremely well characterised by
Berry and others for many variants, 1little work has been
performed on chromosomal variation. Why study chromosomes ? For
decades cytogeneticists have been using chromosomal features to
study species relationships , ©population structure and

evolutionary trends

On the face of it the house mouse is a particularly unsuitable
animal for cytogenetic examination . Its® 40 chromosomes in a
diploid set are scarcely distinguishable from each other. All the
chromosomes are acrocentric (usually) and the size variation
between the smallest and the largest chromosome is about 250%
(Datta et al 1970) . The "standard karyotype" was determined as

long ago as 1889 (Crew & Koller 1932) . The increasing use of
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mice in cancer research led to attempts to describe the
chromosomes precisely but a large amount of work only confirmed
their featureless morphology . However the development of
gquinacrine fluorescence staining techniques at the end of the
1960's revealed a pattern of Q-bands which enabled each
chromosome to be individually recognised (Caspersson 1968) . The
subsequent technique of G-banding (by Giemsa stain following
partial denaturation , Schnedl 1971 ; Buckland , Evans & Sumner
1971) was followed by the realisation that Q and G bands are
largely synonymous (Sumner , Evans and Buckland 1971). Up to the
present time they have remained the mainstay for mouse
karyotyping whereas other procedures such as reverse or R-banding
(Duttrillaux & Lejeune 1971) have found 1little favour . The
Committee on Standardised Nomenclature for Mice (1974) have
adopted a system of numbering devised by Nesbitt & Francke (1973)
which recognised 312 distinct regions in the basic chromosome
set. This system has stood the test of time and was endorsed for
continued use (Committee on Standardised Genetic Nomenclature for
Mice 1979) . The ability to recognise each chromosome has made
it possible to determine which genes are located on which
chromosome . Before 1970 many of the known genes had been
allocated to 1linkage groups by traditional breeding methods ,
supplemented (at that time) by a small amount of information
from chromosomal rearrangements . Since 1972 the linkage groups
have been assigned to specific chromosomes known by the Arabic
numbering of the standard karyotype (Miller & Miller 1972 , 1975
; Evans 1981) . Cell fusion techniques have greatly eased the

mapping of individual genes and many hundreds have now been
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placed on the chromosome map with more being added each year .

The house mouse displays a variation in chromosome number both
in 1laboratory stocks (e.g. Leonard and Deknudt 1967) and in wild
populations (e.g. Gropp et al 1982). As previously stated the
standard diploid chromosome number of the mouse is 2n=40 and all
of the chromosomes are of the acrocentric type. However, so
called "chromosomal races" have been described with a diploid
chromosome number as low as 2n=22 (Capanna et al 1975, 1976; Said
et al 1986). Other variants are also known in which the
chromosome number ranges from this low value to 2n=39. In all of
these cases the reduction in chromosome number has occured by the
process of Robertsonian translocation or centric fusion
(Robertson and Rees 1916) in which two acrocentric chromosomes
attach to each other in their centromeric regions thus creating

a single metacentric or submetacentric chromosome.

Robertsonian chromosomal polymorphism has been found in Mus

domesticus but not so far in any of the other species (i.e.

musculus, castaneus or molossinus). Geographically it appears
to be restricted to the Euroasian continent and no wild mice with
Robertsonian translocations have been reported from North or
South America, nor from Australia. One report has been made of
mice with metacentric chromosomes in Antarctica (Robinson 1978),
one report from India (Chakrabarti and Chakrabarti 1977) and one
from Japan (Moriwaki et al 1984). In western Europe and North
Africa metacentric chromosomes have been found in wild mice from

Switzerland and Italy (Gropp et al 1972; Lehmann and Radbruch
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1977; Capanna et al 1975; Capanna 1980, 1982, Capanna et al
1985), Belgium (Hubner et al 1985), Southern Germany, Spain and
Scotland (Adolph and Klein 1981, 1983; Brooker 1982 and this
work), Tunisia and Denmark (Said et al 1986) and Greece and
Yugoslavia (Dulic et al 1980; Gropp and Winking 1981, Winking et
al 1981, Winking 1986, Tichy and Vucak 1987, Winking et al 1988,
Britton-Davidian et al 1989). It is particularly interesting to
note that most of the European continent is inhabited by Mus

musculus which, unlike Mus domesticus, does not show Robertsonian

variation, thereby suggesting that the propensity for fusing

chromosomes in the genus Mus is both geographical and genetic.

By using the banding techniques described above it is possible
to determine which chromosomes have been involved in a
Robertsonian translocation. All of the autosomes (except number
19) have been found to be involved at least once (and some
several times) in Robertsonian fusions (see chapter 3 and
appendix 1). The same translocation is often found in different
populations, but usually in combination with different
chromosomes at different locations. For example, the metacentric
chromosome Rb(9.12) has been found in both Orkney and Mainland
Scotland (Adolph and Klein 1981; Brooker 1982 and this work;
Scriven and Brooker 1990), in Germany (Adolph and Klein 1983)
and in Palermo in Italy (Lehmann and Radbruch 1977). A similar
situation occurs with most of the other metacentric chromosomes
occuring in wild mice. The question is why? Chapter 3 describes
my own work with Scottish mice with metacentric chromosomes and

chapter 6 attempts to answer the question "why" at length.
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A theory of speciation originating with cytogenetic change has
been advanced by several workers ,but principally by M.J.D.White.
These models of speciation derive from the population genetics
of Sewall Wfight and have been described by many workers (White
et al 1967 ; Key 1968 ; White 1968 ; Bush 1975 ; Wilson et al
1975 ; Lande 1979, 1984, 1985 ; Bickham & Baker 1980; Baker &
Bickham 1986) . White (1978b) claimed the Robertsonian process
in mice as an excellent example of "stasipatric speciation" in
which chromosomal changes lead to problems of non-disjunction
in hybrids and hence to reproductive isolation. Again, chapter
six describes the theories of speciation by chromosomal change,

with specific reference to Mus, in detail.

Chromosomal variation is also commonplace in man, particularly
Robertsonian translocations. Court Brown (1967) from studies on
the general population has shown that t(Dg:Dq) is the most common
single cause of human structural heterozygosity, occuring with
a frequency of about one per thousand. Differing figures have
been given in more recent studies e.g. in Canada 1.17 per
thousand (Evans et al 1978) and in Denmark 1.34 per thousand
(Nielson et _al 1981). A study of 32,930 patients in Belgium
revealed 71 D/D translocation carriers (2.15 per thousand -
Fryns et al 1982). In New York, rates of structural chromosomal
abnormalities were analysed 1in 24,951 foetuses studied
prenatally in which there were no grounds to suspect an
inherited abnormality (Hook et al 1984). In this study an
unexpected structural abnormality was found in about one in two

hundred prenatal diagnoses. The observed rate was 5.3 per
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thousand of which 1.7 were unbalanced translocations and 3.6
balanced. The rate of inherited abnormalities was 3.1 - 3.7 per
thousand (0.4 - 0.9 for unbalanced abnormalities and 2.6 - 2.8
per thousand for balanced abnormalities) whereas the rate of
mutants was 1.6 - 2.2 per thousand (approximately one per
thousand for both balanced and unbalanced). The rate of balanced
Robertsonian translocations was 0.6 per thousand and of

unbalanced 0.1 per thousand.

The most frequent translocation is t(13:14) (Evans et al 1978;

Eklund et al 1988). Although meiotic malsegregation can cause
trisomy 13 in the offspring this seems to be rare (Nielsen &
Rasmussen 1976 ; Bone & Gallano 1984). Infertility and
spontaneous miscarriage are more often described as clinical
consequences of t(13:14) (Nielsen & Rasmussen 1976; Wilson 1971).
Robertsonian translocations, particularly t(14:21), t(21:21) or
t(21:22) occur in about 2.5% of Down's syndrome cases (Farag et

al 1987).

Whilst the <clinical effects of unbalanced Robertsonian
translocations are all too tragically apparent, chromosomal
rearrangements in man are of interest to evolutionary biologists.
There is evidence of the chromosome mutations that separated the
different primate species (de Grouchy et al 1972; Dutrillaux
1975), the most notable being the apparent similarity of human
chromosome 2 with a Robertsonian fusion of chimpanzee chromosomes
12 and 13. Eklund et al speculate that as t(13:14) is the most

frequent balanced chromosomal aberration in man, the next step
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in our chromosomal evolution may be the merging of chromosomes
13 and 14 to a new metacentric chromosome of group 8, resulting
in a chromosome number of 44. Homozygosity of t(13:14) can be
calculated to occur in a random population with a frequency of
1 : 10,000,000 (Eklund et al 1988). However isolation,
cosanguinity and random drift can make it more frequent in
marginal populations, such as the area of rural eastern Finland
studies by Eklund and colleagues (1988). Eklund appears to be
suggesting that the (hypothesised) processes of chromosomal
speciation which are applied to populations of mice (and

described in chapter 6) can occur in man as well.

The investigation described in this thesis had two aims . Firstly
to discover the extent, if any, of cytogenetic variation in
British populations of house mice and secondly to attempt to
relate this variation to the ecology and environment of the
populations involved . As will become apparent , the first is a

far easier task than the second.
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CHAPTER 2

MATERTIALS AND METHODS

2.1 Introduction
2.2 Capture and breeding of mice

2.3 Somatic cell chromosome preparations from peripheral
lymphocytes

2.4 "Evans" technique for preparation of meiotic chromosomes
from mammalian testes

2.5 Conventional staining techniques
2.6 G-banding
2.7 C-Banding

2.8 Microphotography
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2.1 Introduction

This investigation required a combination of field-work
practice, where the principle equipment is strong gloves and
wellington boots , and sophisticated techniques of tissue
culture involving the sterile methods needed to successfully
grow cells in vitro. One of the great advantages of trapping
and collecting ones specimens personally is the reminder that
one is dealing with an animal whose natural environment is not

contained by a plastic box on a rack in an animal room .

2.2 Capture and breeding of mice

A total of 311 mice were examined from 42 different localities.
The capture sites covered a wide variety of environments . Some
were caught in houses (including one in the author's kitchen -
the London sample) , some were caught on farms (e.g. the
Northallerton sample) , some were hand caught from stacked corn
(e.g. Taunton , Eday) and some were caught on islands (e.g. Isle
of May) . The numbers examined from each population are shown

in Table 1

Mice were captured from the wild in one of two ways . The
majority of samples were live-trapped using "Longworth" traps in
and around buildings for commensal animals or on their natural
runs for free living animals (Berry 1970a). These traps were
baited with a strong smelling substance (peanut butter was

excellent) and lined with bedding and a food source ( such
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TABLE 1 TRAPPING SITES

SITE No. OF ANTIMALS CAUGHT HOW CAUGHT

Shetland Isles

Tingwall 3 Live-trapped
Ollaberry 4 " "
Unst 2 " "
Yell 6 " "
W.Quartf 7 " "
Quendale 1 " "
Fair Isle 3 " "
Orkney

Eday 22 Hand-caught
Mainland 3 Live-trapped
S.Ronaldsey 3 " "
N.Westray 25 Hand-caught
Mid Westray 14 " "
S.Westray 17 " "
Stronsay 14 Live-trapped
Faray 40 " "
Caithness (20 sites) 40 1 Hand-caught

19 Live-trapped

Isle of May 31 Live-trapped
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OF ANIMALS CAUGHT

Northallerton
Beverley
Norwich
London

Taunton

19

18

30

34

HOW CAUGHT

Live-trapped
11] [1]

Hand-caught

Live-trapped

Hand-caught



as potatoes) . Traps were always checked the next day giving a

maximum of 24 hours incarceration for the mouse .

Alternatively, they were hand caught when corn ricks were broken
down for threshing. Mice living in corn ricks are the result of
a founding population of a few mice from the previous autumn .
When the crop is harvested the mice flee from the fields and
some enter the newly stacked corn ( Southwick 1958, Southern &
Laurie 1946) . They then have a shelter and a food supply for
the coming winter . They have little need of extra water and so

have no need to leave the rick once they are established there.

When the spring comes the ricks are broken down and the corn
threshed . At this time , one or two people can catch virtually
all the mice fleeing from the rick (particularly small Scottish
ricks) . This is an excellent way of collecting large (up to
several hundred mice) population samples . Unfortunately the
advent of the combine harvester has meant the demise of the habit
of stacking corn . Virtually the only corn stacked in England now
are the long stalked varieties of wheat used for thatching. An
idea of how common rodents were in corn ricks can be obtained
from reports of work done 30-50 years ago (e.g. Venables and

Leslie 1942 ; Southern and Laurie 1946 and Southwick 1958).

Mice caught in the wild were either sent to London immediately
or , if this was not possible , kept in cages until the end of
the field trip . They were marked for identification either by

ear or toe clipping (Berry 1970a) .

35



Mice were kept in the laboratory in large cages (25cm x 40cm X
18cm) in groups of six or seven . When breeding experiments were
in progress this was reduced to groups of three (two females and
one male) . Care was taken to give minimal disturbance to wild
mice kept for breeding (Wallace 1981) . All mice were housed on

sawdust and fed with unrestricted pelleted food and tapwater.

2.3 Somatic cell chromosome preparations from peripheral
lymphocytes

The technique used was an adaptation of that of Triman , Davisson

and Roderick (1975) .

1. Mice were anaethetised with ether and a small amount of blood

drawn from the supra-orbital sinus using a capillary tube

(Hawksley) . Three capillary tubes contained a large enough
sample for successful culturing , each tube containing
approximately 0.05 ml of blood . No animal was bled more than

once in any one week (repeat bleeds were occasionally necessary
if cultures did not grow successfully ). This eye bleeding
technique is simple and rapid (an experienced practitioner will
take less than ten seconds to draw three tubes of blood) and
appears to cause much less distress than the apparently less

violent tail bleeding method

2. Approximately 0.15 ml of whole blood was placed in 5 ml

incomplete medium consisting of ;
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RPMI 1640 medium (Flow)
300 i.u. penicillin/streptomycin (per ml RPMI 1640)

50 i.u. Heparin (per ml RPMI 1640)

The medium was made up freshly each week and 5 ml placed in each
sterile 7 ml bijou (Sterilin) . Sterile techniques were used at
all times although it is worth noting that a laminar flow hood
was not necessary for contamination free cultures . Having made
sure that the blood and medium were well mixed , the cap was

replaced on the bijou and parafilm (Gallenkamp) placed over the

top

3. The bijoux were spun at 700g for 10 minutes .

4. After spinning, the supernatant was removed carefully with
a sterile pipette , discarded , and the pellet resuspended in

5 ml of incomplete medium

5. The tubes were again spun at 700g for 10 minutes .

6. After spinning, the supernatant was removed and the pellet

resuspended in 5 ml complete medium . The recipe for complete

medium was ;

80 ml RPMI 1640

20 ml foetal calf serum (Gibco)

2ml penicillin/streptomycin (1000 i.u./ml)
1 ml Heparin (50 i.u./ml)

2.5 ml glutamine stock solution (2.923g in 100 ml of water)
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Concanavalin A stock solution was added to the complete medium
to give a final concentration of 8 mcg/ml . The concanavalin A
stock solution was 200 mcg/ml . This was frozen in 5 ml aliquots
in sterile universals . Con.A acts as a mitogen , stimulating

peripheral lymphocytes to divide .

7. After screwing the caps on tightly and sealing the tops with
parafilm , the cultures were incubated at 37 degrees Centigrade

for 48 hours at an angle of approximately 30 degrees from the

horizontal . It is usual to recommend a constant 5% CO
2
atmosphere . We lacked a CO incubator but found that this made
2

no difference to the success of the cultures .

8. 0.15 ml Colcemid (0.01g/ml colchicine - Gibco) was added to

each culture two hours before harvesting to increase the yield

of metaphases

9. 48 hours after the mitogen was added each culture was
transferred to a clean centrifuge tube and spun at 250g for five

minutes
10. The supernatant was removed and the pellet resuspended in
hypotonic 0.56% KCl1 (freshly made up). The tubes were allowed to

stand at room temperature for ten minutes

11. The tubes were then spun at 250g for five minutes .
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12 . The supernatant was then completely removed and freshly made
fixative (ethanol:glacial acetic acid , 3 : 1) added gently . The

tube was then tapped to resuspend and rapidly fix the cells .

13.The tubes were then spun at 2509 for five minutes . The
supernatant was removed and replaced with fresh fixative . The
process of centrifugation and resuspension in fresh fix was

repeated three times

14. Air dried preparations were made on clean , dry slides
(cleaned with 10% Decon 90 and distilled water ) with

micropipettes , three drops per slide

2.4 "Evans" technique for preparation of meiotic chromosomes
from mammalian testes

This technique is very slightly modified from that of Evans et

al (1964)

1. Testes were removed from the mouse immediately after death ,

cutting them free of other tissues

2. Any remaining fat was removed and the testes were washed in

2.2% tri-sodium citrate in a dish or beaker .

3. The tunica was removed from the testes and the tubules were

transferred to a small solid watch glass containing a few drops
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of 2.2% citrate
4. The tubules were thoroughly macerated with curved forceps ,

stripping them of their contents

5. More 2.2% citrate was added with a pasteur pipette to make the

final volume in the dish 2.3ml

6. The suspended cells and tubules were pipetted into a 10ml

centrifuge tube and mixed well

7. The tubes were allowed to stand at room temperature for five

minutes

8. The cell suspension was then drawn off into another 10ml

centrifuge tube and spun at 75g for five minutes .

9. The supernatant was discarded , the cells resuspended by
flicking the tube and 4ml of 1% tri-sodium citrate (hypotonic)

added . The contents of the tube were mixed thoroughly

10. The tubes were left in hypotonic for 12 minutes before being

spun for five minutes at 30g

11. All of the supernatant was carefully discarded and the cells
resuspended by flicking the tube . 1ml 3:1 absolute alcohol :
glacial acetic acid fixative was slowly added with a clean

pasteur pipette , flicking the tube to ensure rapid fixation .
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12. The tubes were centrifuged for five minutes at 30g . The
supernatant was then discarded and fresh fixative added . This
process of centrifugation and resuspension in fresh fixative was
repeated twice before resuspending finally in an appropriate

gquantity of 3:1 fixative

13. Air dried preparations were made in the normal way .

2.5 Conventional staining techniques .

Two staining methods were used , Giemsa and lacto-acetic orcein.
Both gave good sharp results with Giemsa being slightly

preferable because of ease of handling

A. Lacto-acetic orcein

1. 509 of orcein (Gurr) , 500ml lactic acid and 500ml glacial
acetic acid were mixed and filtered twice before using without

further dilution . It was filtered once a week

2. Air-dried preparations were taken and placed in the stain for

fifteen minutes

3. They were then rinsed three times in 50% acetic acid , three

times in ethylene glycol monoethyl ether (cellusolve) and finally

in Euparal essence
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4. They were then mounted in Euparal

B. Giemsa

1. Air dried preparations were placed 1in 2% Giemsa
(Gurr-improved) made up in pH 6.8 buffered distilled water

(Gurr's buffer tablets) for fifteen minutes .

2. They were then washed in pH 6.8 buffered distilled water and

dried on a hot plate

3. Finally the slides were cleared in xylene and mounted in

D.P.X.

2.6 G Banding

The technique used was an adaptation of that of Buckland et al

(1971) and was demonstrated to me by Dr E.P.Evans .

1. Air dried preparations were made and left to age for at least
three days , optimum about ten . Banding is still possible on

preparations up to three months old

2. They were placed in Coplin jars in 2xSSC (0.3M NaCl + 0.03M

trisodium citrate) at 60-65 centigrade for ninety minutes .
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3. The Coplin Jjar and contents were then cooled to room

temperature under running tap water .

4. The slides were taken out and put into another Coplin jar
containing normal saline or Hank's balanced salt solution (Flow).

They were left for five minutes

5. They were then taken out , one at a time , drained by
touching onto filter paper and placed in a horizontal position
where they were flooded with 0.025% trypsin made up in Hank's
balanced salt solution about 30 minutes before using . The
trypsin time was very variable and was determined by trial slides

on each occasion . It varied around a mean of 20 seconds .

6. The trypsin activity was stopped after the appropriate time

by plunging the slide into a Coplin jar of Hank's and diluting

it out

7. The slide was rinsed in pH 6.8 buffered distilled water and

stained in 1% Giemsa for about 30 minutes .

8. Finally they were rinsed in pH 6.8 buffered distilled water

, cleared in xylene and mounted in D.P.X.

2.7 C Banding
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Two C banding methods were used . The first produced clear C

bands with no residual G bands (Sumner 1972) .

1. Slides aged for at least 10 days were placed for one hour in

0.2N HCl

2. They were then rinsed in pH 6.8 buffered distilled water .

3. The slides were placed in freshly prepared, saturated

Ba (OH) for ten minutes.
2

4. They were then rinsed three times in pH 6.8 buffered distilled

water

5. The slides were placed in a Coplin jar in 2xSSC for one hour

at 60 degrees centigrade

6 . After this they were rinsed in pH 6.8 buffered distilled
water and stained for fifteen minutes in 5% Giemsa before finally

being rinsed in buffer , cleared in xylene and mounted in D.P.X.
The alternative method was that of Evans (pers. com.) and

produced both C band and residual G bands allowing pairing and

identification of chromosomes

1. The slides (aged as before) were subjected to four minutes
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hydrolysis in 5N HCl

2. They were then rinsed in pH 6.8 buffered distilled water .

3. The slides were then placed in 2 x SSC for twenty minutes at

60 degrees centigrade.

4. They were then removed from the 2 x SSC and rinsed in pH 6.8

buffer

5. The slides were then stained for fifteen minutes in 2% Giemsa.

6. Finally, following staining, they were rinsed in buffer ,

cleared in xylene and mounted in D.P.X.

2.8 Microphotography

A Leitz Laborlux Orthomat microscope camera was used in all
cases . Photographs were taken using an oil immersion x100
objective lens with a x10 eyepiece . 35mm black and white Pan F

film was used , printing on Ilfospeed grade 5 paper .
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CHAPTER 3

ROBERTSONIAN TRANSTOCATIONS

Cytogenetic basis of Robertsonian translocations

Robertsonian type variation in species other than_Mus
musculus

Robertsonian type variation in the house mouse
.1 In laboratory mice
.2 In wild mice
Trapping sites and numbers of animals examined
Results of chromosomal analysis for karyotype number
Results of G - Band analysis
.1 Caithness
.2 Orkney
Possible advantageous effect of Robertsonian translocations
Breeding experiment
.1 Experimental design
.2 Experimental results and discussion
Breeding experiment to determine whether centric fission

occurs when Rb carrying mice are crossed with standard
karyotype mice.
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3.1 Cytogenetic basis of Robertsonian translocations

The Robertsonian (Rb) whole arm,or centric fusion,or
translocation (Robertson & Rees 1916,John & Freeman 1976) has
proved to be of great interest in the chromosomal evolution of
many species and particularly in that of small mammals. When two
acrocentric chromosomes join to form one metacentric chromosome,
centric fusion is said to have taken place thus lowering the
diploid (2n) number of chromosomes. Alternatively one metacentric
chromosome can give rise to two acrocentric chromosomes ( centric
fission ) thus raising the diploid number . This is shown in

Figure 1.

John & Freeman (1976) have discussed the possible modes of Rb
exchange leading to whole arm rearrangement . They concluded that
no direct adhesion of chromosome ends is possible and postulated
six different modes of Rb rearrangements (Figure 2). Evidence
from C-banding (Lau & Hsu 1977,Gropp & Winking 1981) has shown
that little if any centromeric heterochromatin is lost in the
formation of a mouse Rb metacentric . However electron microscopy
at pachytene (Johanisson & Winking 1979) and molecular studies
on DNA loss (Comings & Avelino 1972) have indicated that the
"normal"” mouse chromosome is acrocentric and that the minute
short arm is lost when fusion takes place . There is no evidence
yet as to whether this lost material is coding or non coding .
Gropp & Winking (1981) concluded that type 4 (figure 2) was the

most likely form of exchange in mice
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Figure 1. Robertsconian fusion and fission

fusion fission
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Fiqure 2.

Causes_and consequences of Robertsonian Exchange

(Taken from John & Freeman 1975)

Type Rearrangement Associated loss
jiIZa3k
T~
=~ -
A
A=

Fig. 1. Possible modes of Robertsonian exchange Jeading to whole arm fusion. It is assumed
that no direct adhesion of chromosome ends is possible so that fusion must depend on prior
breakage. Break points are indicated by arrow heads. The blocks adjacent to the centromere
represent constitutive heterochromatin
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Theoretically Rb variation can involve either fusion or fission.
Whilst the case for the existence of fusion is well proven ,
variation by means of fission (one metacentric splitting to form
two acrocentrics) is certainly rare and its occurrence at all is
controversial . Some evidence for it exists , for example in root

voles Microtus oeconomus (Fredga et al 1980) , in donkeys

(Trommerhausen-Bowling & Millon 1988) and in man (Hansen 1975).
Hsu & Mead (1969) have claimed that it is virtually impossible
for chromosomes to cleave in a stable way without leaving one of
the cleavage products as an acentric fragment . Todd (1970) with
particular reference to carnivorous species claimed fission to
be a major process in karyotype evolution. Certainly no definite
examples of fission in Mus has been found , either before or in

this study (see below)

3.2 Robertsonian type variation in species other than Mus
musculus

Matthey (1945) found Rb fusion in the African pygmy mouse
Leggada, , a genus closely related to Mus . He showed that most
mice in the genus had a basic diploid number of 36 acrocentric
chromosomes but that some populations had a reduced number . In
the extreme cases all chromosomes were fused in pairs, including
the sex chromosomes , giving a diploid number of 18 (for review
see Matthey 1965 ) . Following this work Matthey proposed the

term N.F. or Nombre Fondamental to mean the number of arms rather

than the number of chromosomes in a karyotype . Under this
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classification although the diploid number drops from 36 to 18

the N.F. remains unchanged throughout.

Following Matthey's work and as cytogenetic techniques improved,
workers began to find evidence of Rb variation in many different
organisms, including dogwhelks (Bantock & Cockayne 1975),
grasshoppers (Moens 1978), shrimps (Lecher 1972 ; White 1978a),
deer (Wurster & Benirschke 1968), sheep (Bruere et al 1974),
cattle (Long 1985; Miyaka & Kaneda 1987) and dogs (Mayer et al
1986; Welling & Strondstrom 1988). Chapter 1 described examples

of Rb translocations in man and their clinical consequence.

Extensive work on Rb variation has been carried out on small
mammals and indeed it has been claimed by White (1978a) to be the
major cause of karyotype evolution in this group, particularly
in rodent species , and in contrast to some groups of insects
where pericentric inversions appear to be the main causative
agent . Some of the many groups of small mammals shown to
exhibit Rb variation are Mexican pocket mice ,_Perognathus

baileyi (Patton 1969) , pygmy mice ,_Mus dunni (Jotterand 1975;

Sharma & Garg 1975; Aswathanarayana & Manjuntha 1981) , spiny
mice , Mus platythrix (Yosida 1973) , mole rats , Spalax

ehrenbergi (Wahrman & Gourevitz 1973) and three different genera

of rats ; black rats, Rattus rattus , cotton rats , Sigmodon

hispidus and climbing rats , Tylomys sp (Yosida 1979; Zimmerman
& Lee 1968 and Pathak et al 1973) . An example of Rb variation

in Britain has been shown in the shrew Sorex araneus (Ford &

Hamerton 1970; Searle 1984a, 1984b, 1985, 1986a, 1986b, 1989).
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The shrew is one of the most karyotypically variable mammals
known. Over its wide distribution in the northern Palaearctic
there are at least 12 Kkaryotypic races of which three have been
found in Britain : the "Aberdeen race" in northeastern Scotland,
the "Oxford race" in southern Scotland and the "Hermitage race"

in southeastern England.

3.3 Robertsonian type variation in the house mouse

3.3.1 In laboratory mice

For many years the various species of the house mouse (see
chapter 1) were all considered to have the same karyotype of 40
acrocentric chromosomes differing relatively little in size (Long
1908; Cox 1926; Levan et al 1962; Markvong 1977; Evans 1981). In
1967 however, Leonard and Deknudt reported a single spontaneous
fusion in their AKR stocks. Since then there have been reports
of a further 22 spontaneous Rb translocations in inbred strains
(Gropp & Winking 1981; Searle & Beechey 1986). These are

summarised in Table 2.

3.3.2 In wild mice

Considerably higher numbers of Rb translocations have been found
in populations of wild living house mice. The first observation
of an Rb variant in the wild was made on the tobacco mouse or Mus

poschiavinus (Fatio 1869), a wild mouse population from the Vval

de Poschiavo in south-eastern Switzerland, claimed by Fatio (on
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Table 2.

Robertsonian translocations in laboratory mice

Author

Leonard & Deknudt (1967)
Evans et al (1967)

White & Tijo (1968)
Baranov & Dyban (1971)
Cattanach & Savage (1976)
Phillips & Savage (1976)
Cattenach et al (1977)
Lyon et al (1977)

Nombela & Murcia (1977)
Davisson & Roderick (1978)

Catténach & Crocker (1979)
Lyon & Jarvis (1979)
Crocker (1980)

Wallace (1981)

Davisson & Akeson (1983)

Agulnik et al (1983)

Goyder (1983)
Adler (1984)
Evans & Burtenshaw (1984)

Adler et al (1987)
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Robertsonian

translocation

Rb(6.15)1Al1d
Rb(9.19)163H
Rb(5.19) 1Wh
Rb(8.17)1Iem
Rb(8.19)1Ct
Rb(6.13)1H
Rb(1.15)Ct2
Rb(11.16)2H
Rb(2.3)
Rb(3.X)
Rb(4.15) 1Rk

Rb(3.15) 2Rk

/.
Rb(12.13)3Ct [
Rb(4.18)3H
Rb(2.17)4H

Rb(9.12)1Cam
Rb(11.14)1Dn
Rb(3.5)1Icg
Rb(2.6)4Iem
Rb(1.2)5H
Rb(10.14)1Ad
Rb(7.13)10Xe

Rb (X.2)2Ad



the basis of coat colour and tail length) to be distinct from the
other populations around it. These mice were found to have 26

chromosomes, with 14 metacentrics (Gropp et al 1969,1970a,1970b).

A large number of other "races" of mice with metacentric
chromosomes have been discovered since then. Most have had the
arm composition of these translocations determined. The results
of these studies are summarised in Table 3. The geographical
positions of the European and North African populations are shown
in Figure 4. Missing from Table 3 are reports where no subsequent
G-banding was performed and so the arm composition is unknown.
There are only two such reports, from India (Chakrabarti &
Chakrabarti 1977) and from Marion Island in the South African
subantarctic (Robinson 1978). A full listing of all reported Rb

translocations is given in Appendix 1.

Robertsonian translocations have been reported in wild mice
(references are given in Table 3 and Appendix 1) in western
Europe (Spain, Scotland, Belgium), central Europe (Lombardy,
Switzerland, Germany), southern Europe (the Appenines, Sicily,
Greece), eastern Europe (Yugoslavia), North Africa, Japan and

India.

3.4 Trapping sites and numbers of animals examined

Three hundred and eleven mice were examined from 42 sites. The
major sample sites are shown in Figure 4 . Of the mice studied,

138 individuals , from 23 different sites , carried metacentric
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European/N.African Rb populations

showin

Ma

Figqure 3.

(sample site numbers refer to Table 3)
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Fiqure 4. Map of Gt. Britain showing sample sites in this stud
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Table 4 Karyotypic analysis of mice from 42 sites

Site é ¢ Diploid No.
Shetland Tingwall 2 1 40
Isles Ollaberry 2 2 490
Unst 2 - 40
. Yell 1 5 40
W.Quartf 2 5 40
Quedale - 1 40
Fair Isle 1 2 40
Orkney Mainland 1 2 40
(see Fig 5) Eday 11 1 34
N.Westray 12 13 36
Mid.Westray 8 6 36
S.Westray 7 10 36
° S.Ronaldsay 1 2 40
Stronsay S 9 40
Faray ) 21 19 34,35,36
Caithness Caithness 1 2 1 32
(see Fig 4) Caithness 2 2 1 32
Caithness 3 1 - 32
Caithness 4 - 1 36
Caithness 5 1 - 33
Caithness 6 - 5 32,34
Caithness 7 1 1 34,35
Caithness 8 1 4 32,33,34,35
Caithness 9 3 2 32,33,36
Caithness 10 - 1 32
Caithness 11 1 - 34
Caithness 12 1 - 36
Caithness 13 - 1 32
Caithness 14 - 1 36
Caithness 15 1 - 35
Caithness 16 1 - 32
Caithness 17 1 - 36
Caithness 18 2 1 36
Sutherland Sutherland 1 2 - 40
Sutherland 2 1 1 40
Isle of May 23 8 40
Northallerton 13 6 40
Beverley 2 6 40
Noxrwich 6 12 40
London - 1 40
Taunton 24 6 40
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chromosomes in their karyotype (Table 4)

3.5 Results of chromosome analysis for karyotype number

Mice carrying Rb translocations were found in Caithness |,
N.E.Scotland and in three of the six Orkney islands studied
(figures 5, 6, 7, 8 and 9). All other Scottish and English mice

studies had the standard 2n = 40 karyotype.

This work was first reported as part of a group report from
University College London to Mouse News Letter (Berry et al
1981). At the start of my research, mice from Orkney and a single
mainland Caithness site, collected by R.J.Berry, had been sent
to the laboratory of Dr. J. Klein in west Germany, principally
for H-2 typing. They found three Rb translocations in nine mice
caught near Castletown in the north of Caithness, and three Rb
translocations in mice from the Orkney island of Eday. This work
was published in 1981 (Adolph & Klein 1981). Prior to its
publication (and with no knowledge of their work), I had
confirmed and expanded on their findings. This work was first
published in Mouse News Letter (as described above) in 1981 and
subsequently published in a peer reviewed Jjournal in 1982
(Brooker 1982 - a copy of this baper, together with Nash, Brooker
& Davis 1983 and Scriven & Brooker 1990 , is enclosed with this

thesis).

Following the completion of my research, another research

student, Paul Scriven, also collected and karyotyped mice from
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Caithness. His findings suggested that some of the earlier
karyotyping carried out by myself was incorrect. We together went
back and re-examined the original photographs and negatives and
agreed that in some instances Brooker (1982) was incorrect. A
paper correcting the earlier work was published in 1990
(Scriven & Brooker 1990). The results reported below, whilst
arising directly from my own research, are contradictory to the
1982 paper and agree with Scriven & Brooker 1990. I am grateful
to Paul Scriven for his assistance in correcting the previous
error (which is not the first such occurence in the literature.
Hubner (1985) was corrected in his karyotyping of Belgian mice
by Bauchau (1987) and clarified the position himself in 1987 .
Capanna contradicts his own karyotyping of Abruzzi mice in Italy

in his 1977 paper which corrects those of 1975 and 1976).

3.6 Results of G-Band analysis

Preparations from mice carrying Rb translocations were subjected
to G-Band analysis to determine which chromosomes had fused (see

Figures 7, 8, 9 and 10 and Tables 5 and 6)

3.6.1 Caithness

The situation in Caithness is shown in Figures 5 and 6 and Table

5 . All mice found in Caithness carry Rb translocations , with

the Xkaryotype number varying from 2n=32 to 2n=36 . Some

geographical pattern can be seen in the coastal regions with the
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Figure 6. Map of

Caithness showing sample sites referred to in

Table 5
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When one considers the chromosome associations a pattern of
distribution becomes evident . Two translocations Rb(9-12) and
Rb(4-10) are almost ubiquitous throughout the populations . The
sole exception to this is an animal from site 4 which was
heterozygous for Rb(9-12) . In addition Rb(6-13) and Rb(11-14)

are present in some mice and absent in others .

As one moves south west after sample 14 on the north coast and
sample 18 on the east coast , one comes across quite different
terrain to the flat arable lands of mainland Caithness , very
mountainous and lacking in human habitation . This range of hills
forms the Caithness / Sutherland border . Mice were trapped in
the two villages of Melvich and Helmsdale (Sutherland 1 and 2

respectively) . These were found to have the standard karyotype

of 2n=40 .

A G-banded karyotype of a mouse from Caithness 8 showing the four

Rb translocations seen in Caithness is shown in figure 8 .

3.6.2. Orkney

The results of G-band analysis of the Orkney mice are shown in
figure 5 and table 6. Mice from three islands, Eday, Westray and
Faray showed Rb translocations . Repeated samples from Eday and
Westray (three from each) , each sample taken from a different
site and at a different time were homogeneous for karyotype

number . The analysis of the Faray mice however showed that three
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Table 5. G-Band analysis of mice from Caithness and Sutherland.

Location No.of mice 2n 4-10 6-13 9-12 11-14
1 3 32 hom hom hom hom
2 3 32 hom hom hom hom
3 1 32 hom hom hom hom
4 1 37 hom het
5 1 33 hom hom hom het
6 1 32 hom hom hom hom
6 1 34 hom hom hom
6 3 34 hom hom hom
7 1 35 hom het hom
8 1 32 hom hom hom hom
9 1 32 hom hom hom hom
9 1 33 hom hon honm het
9 2 36 hom hon
10 1 32 hom hom hom hom
11 1 34 hom het hom het
12 1 36 hom hom
13 1 32 hom hom hom hom
14 1 35 hom het hom
15 1 35 hom hom het
16 1 32 hom hom hom hom
17 2 36 hom hom
18 2 36 hom hom
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TABLE 6

CHROMOSOMAL ANALYSTIS OF RB-CARRYING ORKNEY MICE

Site No. of animals 2n Rb translocations

analysed 9-12 3-14 4-10 6-14
Eday 32 34 hom hom hom
North Westray 25 36 hom hom
Mid Westray 14 36 hom hom
South Westray 17 36 hom hom
Faray 16 34 hom hom hom
Faray 14 35 hom hom het
Faray 8 36 hom hom

In addition two animals from Faray had karyotypes unique among

the sample ;
1. Rb 9-12 (hom) , Rb 6-14 (hom) , Rb 3-10 (het)

2 . Rb 9-12 (hom) , Rb 3-14 (het) , Rb 4-10 (hom)

All samples from Faray were collected at the same time and are

separated on purely cytogenetic grounds .
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karyotypes were present on this tiny island.

Thirty two Eday mice had a diploid chromosome number of 2n=34 .
All carried three homozygous Rb translocations Rb (9-12) , Rb (3-
14) and Rb (4~10) . 56 mice from three different sampling sites
on Westray showed a diploid chromosome number of 2n=36 . All were
homozygous for Rb (9-12) and Rb (6-1)4 . Mice from Faray
exhibited three different karyotypes , 2n=34, 35 and 36 . With
two exceptions all animals showed a demonstrable pattern in the
distribution of translocations . Eight animals with a diploid
chromosome number of 2n=36 were homozygous for Rb (9-12) and Rb
(3-14) . Fourteen animals were homozygous for Rb (9-12) and Rb
(3-14) and heterozygous for Rb (4-10) . 16 animals karyotyped
were homozygous for the three translocations described . Two
animals had karyotypes that were unique within the sample . Both
had a diploid number of 2n=35. One was homozygous for Rb (9-12)
and Rb (6-14) and heterozygous for Rb (3-10) .The other was
homozygous for Rb (9-12) and Rb (4-10) and heterozygous for Rb

(3-14) .

When one compares the translocations carried on these small north
Orkney islands with those on mainland Caithness it can be seen
that one translocation , Rb (9-12) , is common to all groups .
The second most common Caithness translocation Rb (4-10) is seen
on Eday and Faray but not on Westray. Two translocations on each
side of the Pentland Firth seem to have appeared independently,
Rb (6-13) and Rb (11-14) in Caithness and Rb (6-14) and Rb (3-10)

in Orkney. The only translocation common to all three Orkney
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islands is Rb (9-12) although Eday and Faray have Rb (3-14) and
Rb (4-10) in common and Rb (6-14) appears on both Westray and

Faray .

A full discussion of the possible origin and spread of
Robertsonian translocations in Caithness and Orkney is given in

Chapter Six .

3.7 Possible advantageous effect of Robertsonian Translocations

It will be apparent that in those areas in which mice carrying
Rb translocations have been found extensively (i.e. Italy ,
Southern Germany and Caithness) they have displaced the standard
karyotype population that holds sway elsewhere . The possible
cytogenetic mechanisms for this are discussed in chapter six ,
along with the part that hybrid infertility may play in
reproductive isolation and possible speciation . However is it
possible that attainment of the "Robertsonian Club" confers
some phenotypic advantage on the individual animal ? As Capanna
wrote (1978) " it might be speculated that a lower centromere
number is less liable to lead to errors in both the mitotic and

meiotic processes "

3.8 Breeding experiment

Unlikely as this possible phenotypic advantage seems (Capanna
(1978) again " I fail to imagine how the environment succeds in

recognising an individual carrying a karyotype with a metacentric

72




pair from one carrying a karyotype with two acrocentric pairs")
it seemed a worthwhile exercise to compare the breeding
performance of groups of mice carrying homozygous Rb
translocations (from Caithness and Eday) with groups with a

standard karyotype (from Taunton and Norwich)

3.8.1 Experimental design

The mice were matched as far as possible for age . The breeding
followed the standard pattern for wild mice in this laboratory,
two females and one male in a large cage (25cm x 40cm x 18cm)
with a minimum of disturbance in a special "wild room" so that
the twice weekly cleaning schedule of laboratory strains would
not disturb them . The mice were assessed for ten parameters

which are shown in table 7 .

3.8.2 Experimental results and discussion

The results obtained do not suggest any advantage in breeding
performance in mice with metacentric chromosomes ( Eday and
Caithness mice) when compared with mice without metacentric
chromosomes (Taunton & Bunwell mice). Statistical analysis was

by Analysis of Variance and can be seen in Appendix two.
Mice with metacentric chromosomes tended to have a lower overall

fertility (as assessed, simply, by the number of litters and the

interval between consecutive litters).
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Table 7. Results of breeding experiment

Experimental Group
(10 pairs)

Control Group
(10 pairs)

Births/pair
Weanlings/pair
Births/litter
Weanlings/litter
Weanling weight(qg)

Sex ratio
(males/N)

Litter interval
(days)

Sterile pairs
No. of offspring

No. of litters

* = statistically

- Eday x Eday + Caithness x Caithness
i.e. animals with metacentrics

- Taunton x Taunton + Bunwell x Bunwell
i.e. animals with no metacentrics

Experimental Control
15.00 + 6.51 * 34.11 + 14.49
13.17 + 8.05 * 32.11 + 14.05
4.74 + 1.28 5.29 + 1.40
4.16 + 2.23 4.98 + 1.48
11.73 + 4.04 * 9.68 + 0.55
0.52 + 0.08 0.53 + 0.10
49.38 + 15.49 27.77 =+ 3.20
4 1
79 307
17 56

significant difference between the groups

( p < 0.05 by analysis of variance - see Appendix 2 )

+ = Standard Error of the Mean
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However the small number of animals involved precludes a valid
assessment.It may be that several females successfully mated but
reabsorbed their litters before birth. The differences in litter
interval may be due to a genetic difference between the
populations which may or may not be due to the possession of
fused chromosomes. However wild female mice are notoriously
difficult to breed from in the 1laboratory ( Wallace 1981 ) and
this result could well be due to some individual mice breeding
better than others regardless of group. This is suggested by the
large standard error for experimental group litter interval,

some mice breeding more regularly than others.

This apparent effect on fertility can account for differences
observed when assessing the total number of births and weanlings
per pair over the total mating period. However , when looking at
the number of births and weanlings per litter ( i.e. per assumed
mating ) we get a more realistic picture of what was happening.
The litter size at birth and weaning was slightly, but not
significantly, lower in mice with metacentric chromosomes .There

were no apparent differences in sex ratio between the two groups.

Weanling weight per litter was significantly greater in mice with
metacentric chromosomes which, coupled with the slightly lower
litter size at weaning in these mice tends to suggest that (in
the context of this study) the presence of metacentric
chromosomes possibly results in increased bodyweight at weaning.
However, on reviewing the literature it is found that mice from

northern climes of Gt. Britain have a higher mean bodyweight than
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mice in the South (Berry 1981b). At present it has not been shown
what this regional difference is attributable to. It would take
further experimental work to discover if the presence of
metacentric chromosomes are "responsible" for this difference or

if another factor, either genetic or environmental, is the cause.

Considerable care must be taken in drawing any conclusions from
this experiment . The use of animals from a different and
geographically distinct population as a control is obviously not
ideal . However as no hybrid zone was found it was not possible
to use standard karyotype animals from the same location as
controls Large numbers of animals from these populations were
sacrificed in the cause of studies of the genetic variation as
studied by electrophoretic markers (Berry unpublished data ) .
This meant that only a certain number of animals were free for
a breeding experiment and the large well controlled study that

one would ideally design was not possible .

To summarise , it appears that the only difference between the
groups was a higher weanling bodyweight in mice with metacentric
chromosomes. The significance, or not , of this requires further
evaluation. Within the limited context of this small breeding

study it is impracticable to draw any firm conclusions.

3.9 Breeding experiment to determine whether centric fission

occurs when Rb carrying mice are crossed with standard
karyotype mice

As was discussed earlier the occurence of fission rather than
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fusion is unusual . In an experiment to determine if chromosomes
were splitting as well as joining . 10 breeding cages were set
up ,crossing Eday males (2n=34) with C3H females (2n=40) . From
these cages chromosome preparations were made from 100 F1 off
spring . All 100 showed 2n=37 , subsequent G-banding showing
three heterozygotes Rb(9-12) , Rb(3-14) and Rb(4-10) . In no
cases were karyotypes of 2n=38 , 39 , or 40 found suggesting that

the fusions were stable and not liable to fission .

It would have been interesting to continue this experiment to F2
and beyond to discover what effect the Rb translocations had on
fertility in these hybrids . Many experiments have been done

of this kind , giving estimates of a fertility loss of between
0% and 60% (Gropp 1981 for review and see chapter six for an
extensive review and discussion) . However for this sort of
experiment to be done properly large numbers of mice are
required. The resources were not available for a large scale
breeding experiment of this nature . Therefore the experiment was

not extended beyond F1 .
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CHIASMA FREQUENCY VARIATION IN STX BRITISH MOUSE POPULATIONS

CHAPTER 4

Why study chiasma frequency ?
Experimental basis and scoring procedure
Terminalisation

Results of chiasma frequency analysis
Other cytogenetic events observed
Statistical analysis

Discussion of results
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4.1 Why study chiasma frequency ?

"Chiasmata are post pachytene meiotic prophase homologous

associations which result from crossing over ." Maguire (1974)
in that definition accepts the so called "“chiasmatype
hypothesis" (Whitehouse 1973) that each chiasma is the

manifestation of an exchange of material between two of the four
sister chromatids . This has been well supported by observation
and by experimentation (Whitehouse 1973 ; Kanda and Kato 1980).
It is the basis of this study . If chiasmata result from
crossing over then the chiasma frequency must be a measure of
the amount of recombination in the organism being studied and,

when groups of organisms are considered , in populations .

Various previous studies of chiasma frequency in Mus have been
carried out, many of them concerned with sex difference .
Henderson and Edwards (1968) found in the inbred strains of mice
CBA and CBA/T6T6, that while the chiasma frequencies of oocytes
declined with increasing age , those of spermatocytes did not .
They also showed that females have a higher chiasma frequency
than males (22-24 per cell for males and 26-28 for females) .
These tendencies , for a higher female chiasma frequency , and
for this to decrease with increasing maternal age (i.e.older
females have more wunivalents - 1leading to problems of
aneuploidy)have been confirmed by Luthardt et al (1973) working
on C57B1/6J and ICR mice , Polani and Jagiello (1976) on CS1/Ash
and CFLP and finally Speed (1977) working on C57Bl1 and CBA males

and females .
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Only two studies of chiasma frequency have been done in wild
mice. Searle et al (1970) and Berry et al (1973) compared the
chiasma frequencies of male wild mice from Skokholm with male F1
hybrids from the inbred strains C3H and F101 . They found that
the wild mice had significantly lower chiasma counts than the
inbred strains . In an unpublished report Polani (cited in Searle
et al 1970) studied ancestors of wild caught mice supplied by
M.A.F.F. in Tolworth . He found that these mice again had a
significantly lower chiasma count than the laboratory strains
studied . A comparison of some of the chiasma frequencies to be

found in the literature will be found in table 8 .

Following this work it was decided to study the chiasma
frequencies of six populations of British mice . Because of the
maternal age effect and the impracticality of age standardisation

males only were used .

The aims of the study were to determine :

a) If the 1low chiasma frequency of wild mice (compared to
laboratory strains) previously noted for Skokholm and Tolworth

mice was true for other populations .

b) Whether there was inter or intra population variation for

chiasma frequency .

c) The distribution of chiasma frequency in the different

chiasmate classes (0 , 1 , 2 and 3)
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TABLE 8. SOME CHIASMA FREQUENCIES OF INBRED STRAINS OF MICE

Inbred Strain Sex

¥ chiasma fregq. per cell

Reference

C3H x 101 Fyq 3
CFLP 3
C3H x 101 Fq s
SF/Cam s
C3H 3
B10 3
Q é
C57B1 s
CBA s
c57B1 3
C3H 3
CFLP 9
Q 9
CBA 9
C57B6 9

23.07
22.;8
23.07
24.10

19.33 - 22.67
(no mean given)

19058 - 23003
(no mean given)

23.8
23.3
23.9
24.01
23.22
27.53
27.50
23.8

24.70
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d) Whether the presence of Robertsonian translocations effects

the chiasma frequency of a population .

The presence of Rb translocations (in two of the six populations)
introduces complications in the form of possible cross-over

suppression . This will be discussed later in the chapter .

4,2 Experimental basis and scoring procedure

Six wild populations were studied , four with the standard
karyotype of 2n=40 (Isle of May , Northallerton , Bunwell and
Taunton) , and two with Rb translocations (Eday 2n=34 and Westray
2n=36) . These mice were used because in every case they were
caught from one site at one time and thus could be considered to
be representative of a " population " . It was intended to have
the same number of replicates from each population but collecting
difficulties and deaths in the 1laboratory prevented this .
Although the number. of animals used is small, it is, to the best
of my knowledge, the largest number of wild caught mice studied

in this way to date.

To ensure that my scoring procedures and results could be
compared to others in the literature, five inbred male mice ,
three C57B1/Go strain and two C3H/HeLac were analysed for chiasma

frequency .

Meiotic chromosome preparations were made from the testis by the

"Evans" air dried technique described in chapter two . Chiasmata
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FIGURE 11 METOTIC CONFIGURATIONS AND CHTASMA COUNTS
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were scored directly down the microscope by the author only.

Fifty cells were examined for each figure . The scoring procedure
used was that utilised by Berry et al (1973) and described to me
by Beechey (pers.com.) . The chromosomes of the mouse adopt
characteristic configurations according to the number of
chiasmata . A diagram of this is shown in figure 11 . A
photograph of a 2n=40 cell is shown as figure 12 , with the
number of chiasmata by each bivalent . The scoring procedure
consists of counting the number of rods , crosses , circles etc.
and then converting these to the right chiasmate class (0 , 1 ,
2 etc.) . Univalents were considered to be such when one member
of the pair was at least the same distance away from the other

as its own length , with no joining material (sticky threads)

The populations containing homozygous Rb translocations had
characteristic meiotic configurations of their own . Some of
these are shown in figure 13 . Rings and chains of four were
seen. These were scored initially as one chromosome i.e. if each
arm of the metacentric contained one chiasma it was scored as
being bi-chiasmate . These data are broken down later in the
chapter into chiasmata per chromosome and chiasmata per
chromosome arm . In no case in a Rb configuration were more than
two chiasmata observed in any one arm . The X-Y bivalent which
never forms more than one chiasma and is often found separated

was not scored .

4.3 Terminalisation
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The cells examined were all in diakinesis or the first metaphase
of meiosis (metaphase I). It has been suggested (deBoer & Groen
1974) that as chromosomes continue from pachytene (where exchange
of material takes place) to metaphase 1 chiasma are mechanically
pushed further and further towards the end of the chromosomes.
In other words they are "terminalised" . This has been shown to
be the case in some organisms such as Primula sinensis
(Darlington 1931) . deBoer and Groen (1974) claim that this
process of terminalisation occurs in the mouse and that it
causes a consequent depression of the chiasma frequency from
diplotene to metaphase 1 . However Polani (1972) stated that "
I have arbitrarily assumed that there is no change .......in the
relative position of chiasmata observed in early or late stages
of the first meiotic divisions" . Kanda and Kato (1980) studied
crossing over by the BrdU labelling technique and found no
evidence of terminalisation . Maudlin and Evans (1980) made
precise cytological measurements on Mus chromosomes in meiosis
and concluded that, in the mouse , contraction of the chromosomes
during diakinesis is not accompanied by a reduction in cell

chiasma frequency attributable to terminalisation .

In the light of this evidence I have assumed that the cells at
diakinesis / metaphase 1 (where analysis is much easier than at
diplotene) provided a good estimate of the overall chiasma

frequency .

4.4 Results of chiasma frequency analysis
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A total of 70 wild caught mice were studied from six different
populations . Five mice were used as controls , three from the
C57Bl1/Go strain and two from the C3h/HeLac strain . Wherever
possible (in 72 out of 75 mice) 50 cells were scored for each

animal . One animal yielded preparations that were completely
unscorable and in two other mice less than 50 cells could be
scored . For each cell the number of bivalents in the 0 , 1 , 2,
3 or 4 chiasmate class were recorded . The mean number of
chiasmata per spermatocyte and the mean number per autosome pair
(the X-Y bivalent was not scored) were calculated. The
population percentages and means are shown in Table 9 . The Rb
bearing mice show two sets of figures , one set showing the

results per chromosome and the other per chromosome arm .

The results from the laboratory mice used as controls fall within
the range for those previously found for laboratory strains of
male mice . There are some differences , for instance Speed
(1977) found a mean number of chiasma per cell for C57Bl1 male
mice of 23.3 (standard deviation + 0.39) . This compares with the
figure in this study of 24.01 + 0.01 . However the slight
difference could be explained by the fact that two different
sublines of C57Bl1 were studied . In general the control figures
would appear to indicate that scoring techniques were similar to
those of other workers . It is interesting to note that even in
the small amount of animals studied there is a strain difference

for chiasma frequency between C57Bl1 and C3H .

The wild populations appear at first glance to be fairly uniform.
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TABLE 9_CHIASMA FREQUENCIES IN SIX POPUIATIONS OF WILD MICE
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POPULATION CHIASMA FREQUENCY MEANS PER SPERMATOCYTE

FIGURE 1l4a
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FIGURE 14bPOPULATION CHIASMA FREQUENCY MEANS PERCHROMOSOME ARM
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A more detailed picture can be obtained by presenting the
population mean chiasma frequencies in graph form (figure 14) .
This shows that whilst the population means vary (e.qg.
Northallerton = 22.81, Taunton = 24.00 ) when the standard
deviation is taken into account all the wild populations are
statistically similar ( i.e. all the standard deviations about
the means overlap). This in fact hides some interesting
differences in the chiasmate classes that are shown in the
histograms that are figure 15 . This figure shows that far from
being uniform the populations achieve similar mean chiasma

frequencies by very different means.

Eday , Westray and Taunton were similar in that they have very
low numbers of univalents and no chromosomes (or chromosome
arms) with three or more chiasmata . They differ sharply from
the Isle of May-which had the highest proportion of univalents
and of three chiasmate chromosomes . Northallerton had median
scores for the 0 and 3 classes but achieves the lowest overall
chiasma frequency by having the highest number of chromosomes
with one chiasma and the lowest number with two of all the

populations . Bunwell is in the middle of the group for all

classes .

4.5 Other cytogenetic events observed

In approximately 3500 cells examined in this study I observed
only one translocation configuration and no inversion figures .

This of course excludes the rings and chains previously mentioned

92



FIGURE 15a HISTOGRAM SHOWING PERCENTAGES IN 0 CHIASMATE CIASS
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FIGURE 15b HISTOGRAM SHOWING PERCENTAGES IN 1 CHIASMATE CLASS
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FIGURE 15c HISTOGRAM SHOWING PERCENTAGES IN 2 CHTASMATE CIASS
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FIGURE 154 HISTOGRAM SHOWING PERCENTAGES IN 3 CHIASMATE CLASS
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from Eday and Westray. The translocation figure, a putative
trivalent but with no apparent univalent elsewhere in the cell,
occurred in one cell in an animal from Bunwell. It appears to be
an unbalanced translocation . The animal had been dead some time
when the cell was scored and had no offspring so no follow up

work could be done.

Whilst major translocations would have been observed , inversions
can only be seen if there is a crossover within the inverted
segment of the chromosome . However, the observed occurrence of
one translocation in 3500 cells suggests a very low background
rate of translocations within wild populations . This agrees with
Searle et al (1970) and Berry et al (1973) who found a very low
rate of translocation heterozygosity in wild male mice from the

Island of Skokholm .

4.6 Statistical analysis

For each population a number of parameters were compared
statistically. The full statistical analysis (in the form of a

computer print out) can be seen in appendix 2.

4.6.1 Chiasma count per spermatocyte

The mean chiasma count per spermatocyte for each population was
compared with each of the other populations using an analysis of
variance. Although many statistically significant differences

(p<0.05) between populations were observed (see appendix 2),
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there was no one ©population that was statistically
distinguishable from all of the other five. Briefly , the Isle
of May and Northallerton were statistically distinguishable from
all populations except Westray ; and Eday , Taunton and Bunwell
were statistically indistinguishable from one another. In all
other cases populations could be separated with a confidence

limit of at least 95%.

4.6.2 Chiasmate classes

The number of chromosomes with either 0, 1, 2, or 3+ chiasmata
in each population were compared with the other five populations
using either an analysis of variance, a Fishers exact test (2x2

contingency table), or a non parametric test (the Kruskal-Wallis

test).

Many statistically significant differences (p<0.05) between
populations were observed in all chiasmate classes. The results

can be seen in full in appendix 2 and are summarised below.

a) 0 Chiasmate class

X

pP<0.05

0] p>0.05
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IOM

NA

BUNWELL

TAUNTON

EDAY

WESTRAY

b) 1 Chiasmate class

IOM

NA

BUNWELL

TAUNTON

WESTRAY

c) 2 Chiasmate class

IOM

NA

BUNWELL

TAUNTON

EDAY

WESTRAY

IOM

¥ X X O X

IOM

O X X X

IOM

O X X X X

NA

NA

NA

O X X X

BUNWELL

(0]

0

BUNWELL

BUNWELL

TAUNTON

X

o)

TAUNTON

TAUNTON

X

X

99
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X

X
X
0)

EDAY

X

¥ O O X

EDAY

X

X
o)
o)

WESTRAY

X

O O X X

WESTRAY

(0]

(o)
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X
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d) 3+ Chiasmate class

IOM NA BUNWELL TAUNTON EDAY WESTRAY

IOM o o) (o) o) 0
NA o o) 0 o o
BUNWELL o) o 0] X X
TAUNTON (o) 0] X o) 0]
EDAY 0 o) X 0 o]
WESTRAY (o o) X ) (o)

The results of these statistical analyses show no clear pattern.
Perhaps the two most interesting classes, showing the proportion
of univalents (0) and multiple crossover events (3+), are not
particularly suitable for statistical analysis, as the many
values of zero distort the data and give false differences where
there are in fact no real differences and appear to mask genuine
differences. In all cases, small sample size mean that the data
should be interpreted with great caution. Accordingly I am making
no claims for being able to differentiate populations on these
data. However some general points of interest arise which will

now be discussed.

4.7 Discussion of results

Several points arise from these results . Firstly the mean
chiasma scores are much higher than those previously found for

wild males (Searle et al 1970 ; Berry et al 1973) . The agreement
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of the controls with the published data suggests that this is a
real difference between populations and not an artefact caused
by different observers . We must conclude therefore that the
Skokholm mice looked at in the previous studies were different
to the six populations considered here . As the mice in this
study come from many different environments and latitudes
(including rick caught mice , commensal mice and free-living
mice ) there is no easy explanation as to why Skokholm mice

should be so different .

A second point concerns the incidence of crossing over in Rb
metacentrics . It has been shown by careful gene mapping
experiments on mice carrying marker Rb chromosomes that
translocation suppresses crossing-over in the proximal region of
the chromosome (Cattenach 1978). Yet despite this suppression
those populations carrying Rb translocations have a similar
chiasma frequency to those with the standard karyotype . How is
this achieved ? Possibly by all crossing-over being in the distal
region of the chromosome . Unfortunately chromosomes at
diakinesis and metaphase 1 are not suitable for accurate
determination of chiasma position . However what this study shows
is that the two "Rb populations" studied are distinctive in their
distribution of chiasmata into classes . Specifically they have
few or no bivalents in the 0 or 3 classes. The only "standard
karyotype" population to show a similar pattern is Taunton . The
Isle of May shows the highest proportion of both univalents and

three chiasmate bivalents .
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It is not possible to tell whether the reduction of univalence
and the absence of multi-chiasmate chromosomes is due to the
presence of Rb translocations . Taunton shows a similar pattern
although with a higher proportion of univalence . What is certain
is that it must be advantageous genetically to have fewer
univalents in the spermatocytes . The higher the incidence of
univalents the greater the chances of aneuploidy in any

offspring.

Indeed it is accepted that increasing maternal age is correlated
with an increase in univalents (Henderson & Edwards 1968 ;
Luthardt et al 1973 ; Polani & Jagiello 1976) . This increase in
univalence has been suggested as the primary cause of the
increase in Down's syndrome in human mothers over the age of 35

(Henderson & Edwards 1968) .

The complete absence of three chiasmate arms in Eday , Westray
and Taunton is more puzzling . These are rare events and possibly
the sample size of Taunton was too small to be a firm indication
of thié class in that population . Eday and Westray , however ,
had reasonable sample numbers yet no three chiasmate arms . One
would suspect this in Rb bearing chromosomes due to the proximal
crossover suppression mentioned before , but why should the other
chromosomes have no multi-crossover events ? It could be
postulated that three crossovers in one arm is a dangerous and
error prone event , requiring the breaking and rejoining of six

chromatids .
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A cautious hypothesis , therefore , for future testing , is that
populations with Rb translocations reduce the chance of error at
meiosis (to which they are particularly prone in the heterozygous

state) by reducing the number of univalents and multi-chiasmate

chromosomes .
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CHAPTER 5

C-BAND VARTATION

5.1 Definition

5.2 Heterochromatin

5.3 C-Band variation in inbred strains of mice
5.4 C-Band variation in wild mice

5.5 Measurement of C-Band variation , qualitative vs
quantitative

5.6 Results

5.6.1 Technical basis

5.6.2 Animal material

5.6.3 C/L ratio

5.6.4 Heterozygosity index

5.6.5 Statistical analysis

5.7 Discussion of results

5.8 Suggestions for improvements in technique
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5.1 Definition

A C-Band , in the house mouse, is an intensely dark staining
region around the centromere produced with Giemsa stain after the
chromosomes have been denatured with alkali (Pardue & Gall 1970;
Dev et al 1972; Evans 1981) or by hydrolysis and heat ( McKenzie
& Lubs 1973; Evans 1981 ). Fluorescent staining using Hoechst
33258 also produces C-Bands after denaturation ( Natarajan &
Gropp 1972 ). What these various stains and techniques appear to
reveal is an area of highly repetitive DNA ( i.e. A-T rich) which
comprises a large part of the DNA known as centromeric
heterochromatin. In general every mouse chromosome except the Y
shows C-Banding around the centromere. Variations in quantity are

sufficiently rare as to be distinctive ( Evans 1981 ).

5.2 Centromeric heterochromatin

In Mus musculus 8-10% of the DNA has a lower buoyant density in
a CsCl gradient than the main band DNA ( 1.69 & 1l.7g/ml
respectively) and is visible as a low density satellite peak (Kit
1961) . Pardue & Gall (1970) and Jones ( 1970 ) used in situ
hybridisation to show that this "satellite" DNA was located in
the centromeric regions of all Mus chromosomes apart from the Y.
Highly repetitive or satellite DNA consists of millions of copies
of a very short nucleotide sequence, or minor variants of it (
Southern 1975 ). Heterochromatin describes chromatin with a
higher proportion of repeated sequences than euchromatin. Highly

repetitive sequences are thought to contain little if any genetic

105



information ( Ohno 1972 ).

5.3 C-Band variation in inbred strains of mice

After the original observations on C-Bands in mice it was not
long before the discovery of C-Band polymorphism. Dev et al (
1973, 1975 ) and Miller et al ( 1976 ) showed that the amount
of heterochromatin may vary from one individual to another and
from one inbred strain to another and that C-Band polymorphisms
could be seen as chromosome markers for certain strains i.e.
that they were genetically consistent from generation to
generation. By means of C-Band markers they found that they
could assign the chromosomes to the correct strain from hybrids
between C57B1/10J, €57Bl1/cdJ, DBA/1J, CBA/J , BALB/cJ and AKR
strains. These strains differed in the C-Bands at up to eight
pairs of chromosomes. Forejt ( 1973 ) found that two inbred
strains, C3H and CBaA, separated from each other by 150
generations of brother-sister mating, possessed the same two
chromosome pairs with tiny C-Bands ( referred to by Forejt as
C.H. marker regions ) on chromosomes 1 and 14. Dev et al (1975)
found a redistribution of C-Band material in Mus musculus
molossinus. Many autosomes had little or no C-Band material but
some showed an increased amount ( when compared to Mus musculus
musculus ). This parallels the nearly 40% decrease in the amount

of satellite DNA in these mice ( Rice & Strauss 1973 ).

5.4 C-Band variation in wild mus musculus
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In every discussion of C-Band variation some mention is made of
the fact that it has been shown in wild Mus musculus ( e.q.
Miller & Miller 1975, Markvong 1977, Evans 1981, Adolph 1982 ).
In fact Forejt ( 1973 ) is the only study on wild European
subspecies of the housemouse which considers the karyotype as a
whole in terms of C-Bands. Markvong ( 1977 ). studied eight
species of Mus and found differences between their C-Bands. All
the wild mice she studied came from India, Thailand or Sri Lanka
and included Mus caroli, Mus cervicolor, Mus cookii, Mus booduga
fulvidiventris, Mus dunni, Mus patriari, and Mus shortridgei. She
found ( Markvong 1977 ) that in all of these species except Mus
dunni C-Bands were located in the centromeric areas, with the
amount for individual chromosomes not always constant. The most
striking difference was seen in Mus musculus molossinus ( from
Okinawa ) where the distribution was highly uneven with some
chromosomes having no C-Bands while others had very large areas
of centromeric heterochromatin. Mus dunni from India demonstrated
an X chromosome with a totally heterochromatic short arm and a
terminal C-Band on the long arm. Following an examination of many
cytogenetic aspects of different species of Mus, including
diploid number, Q ( fluorescent ) banding, G-Banding, C-Banding,
distribution of nucleolar organiser regions ( NORs ) and
gametogenesis, she concluded that differences in C-Band and NOR

distribution were the most frequent changes in the subgenus Mus.

Traut et al (1984) described a C-band polymorphism in wild mice
in Europe. They noted an extra segment of heterochromatin,

visualised through C-banding, in the middle of chromosome 1. This
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segment was additional to the normal chromosome complement. It
was found to be segregating in populations of mice in Spain,
Italy, Switzerland, Germany and Russia, although exact

frequencies could not be calculated due to the small sample size.

The paper of Forejt ( 1973 ) is given particular importance by
many other authors as I showed above. He looked at a total of
five mice, three from one location in central Bohemia and two
from two separate locations approximately 30km away. From each
specimen he examined two C-Banded metaphase figures from meiotic
preparations from which he prepared " double karyotypes" matching
the corresponding chromosomes from the two metaphase plates and
aligning homologous chromosomes on the basis of relative
chromosome length and C-Band pattern in diakinesis/metaphase I
. He then described on a subjective basis of " small ", " median
" and " large " C-Bands those pairs of chromosomes which
exhibited C-Band polymorphism or " heterozygosity " i.e. a
difference in C- Band pattern between homologues. He classified
five pairs of chromosomes as heterozygous in two mice, four
pairs as heterozygous in two mice and three pairs as
heterozygous in one. Mice from the same 1locality displayed
differing C-Band heterozygosity. Having made a claim for C-Band
polymorphism in wild populations Forejt suggested that the small
sample he studied precludes any firm conclusions and a further

study of natural mouse populations is required.

5.5 Measurement of C-Band variation, qualitative vs quantitative.

Forejt's paper provided the initial stimulus for the work
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contained in this chapter. If C-Band polymorphism existed in the
wild did it provide a good cytogenetic marker for differentiating
between different populations ? All of the C-Band work previously
done ( with the exception of a report by Hansen ( 1982 ) which
will be discussed later ) used a " qualitative " approach to C-
Bands, classifying them as large or small. Studying Forejt's
paper and the photographs of C-Banded preparations, it seemed
that several other pairs of chromosomes could be classified as
heterozygous, even if the degree of difference between homologues
was less than that selected by Forejt. Miller & Miller (1975)
wrote after reviewing of C-Band variation in mice " Questions
such as this can only be answered by using quantitative methods
of scoring the variable trait". The following series of
observations was an attempt to quantify C-Band variation in three
populations of mice. To my knowledge such a quantification has
not been attempted before. Again the small number of animals used
makes firm conclusions difficult to draw - but again the work
described here is the largest study of its type that has been

performed to date.

5.6 Results

5.6.1 Technical basis

The methods used were based on those of Forejt ( 1973 ).
Peripheral blood lymphocyte cultures were established, chromosome
preparations made and these preparations C-Banded as described

in Chapter 2. Two metaphase plates from each animal were
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selected and photographed. The selection of the figures was done
on the basis of faint vestigial G-Bands which enabled probable
chromosomal pairings to be made. The chromosomes were cut from
the prints and "double karyotypes" made as described previously.
The length of the C-Band is prone to alteration by technical
artefact, particularly the 1length of time spent in acid
hydrolysis and the "age" of the slide i.e. the time elapsed
between air-dried preparations being made and the acid hydrolysis
treatment. In an effort to minimise artefactual differences , all
slides were treated seven days after preparations were made and
all slides received four minutes acid hydrolysis ( although by
varying the time in HC1 clearer preparations may occasionally

have been possible).

Forejt ( 1973 ) stated that the relationship between chromosome
length and size of C-Band is not random ( based on his "double
karyotypes" ). From this premise therefore, it seemed when
seeking a quantitative estimate of C-Band lengths that the best

measure was the ratio:-

c/L

where C length of C-Band

(
]

overall length of chromosome

Accordingly each C-Band and each chromosome was measured on a

photographic print using vernier calipers. The result was
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expressed as a percentage;
i.e. if C = 0.25cnm

L

1.00cm

then C/L = 25%

This was done for each chromosome. It was hoped that by this
method a quantitative estimate of heterozygosity could be arrived
at, using the arbitrary definition that if one homologous
chromosome differed from the other by 50% then the pair were
heterozygous for C-Bands. A C-Band spread and an example of a

double karyotypes are shown in figures 16 and 17.

5.6.2 Animal material used

Twenty nine mice from three populations were used, ten mice from
Yell, Shetland, ten from the Isle of May in the firth of Forth
and nine from an English population, caught on a pig farm in

Northallerton, North Yorkshire.

5.6.3 C/1l ratios

The results of the analysis of double karyotypes are shown in
Tables 10, 11 and 12 . All scores are a percentage expression of
the C/L ratios and are quoted for each chromosome, a & b being

karyotype 1 and c¢c & d being karyotype 2.
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iAairLce L

C-Band Heterozygosity

Population Animal

Heterozygous
chromosome pairs

Double Het.

Population Data

18

Isle of May 8M 1 1, 2, 3, 7, 9, 12 - )Total number
8M 3 7, x - )chromosome
8M 4 18,19, x - )pairs = 398
8M 5 4, 7 - )No. heterozy-
8M 7 2, 3, 6, 7, 8, 9,10,12 - Jgous pairs = 41
14,15,16, x - )No. double
8M 17 2, 3,11,15 - JHets. = 1
8M 20 7,11,12 - JRange = (0-12
8M 31 None - )
8M 33 2,11,12,13,16 12 )Mean = 4.1/
8M 34 4,10,16 ) animal
Yell, std 5, 2 3, 4, 6, 7, 8,11,14,15 4, 6, 8,15 )Total No.
Shetland " 3 1, 8,10,13,19 8,10 Jchromosane
" 4 4, 9,11,16 - )Jpairs = 396
" 5 1 - )No. Heterozy-
" 7 1,2, 3, 9,14 - )gous pairs = 72
" 8 3, 5,6, 7, 8, 9, 8 )No. Double Hets
13,15,16,17,18 - )y = 11
" 10 1, 3, 7,10,12,19 - )Range = 1-15
" 1 1, 2, 3, 4, 8,10,11,12 3, 4,12 )
13,15,19, x - JMean = 7,2/
" 14 1, 5, 8,11,12,13 5 ) animal
" 15 5, 8,14 - )
Northallerton NA 1 1, 5 - )Total No.
" 3 6 - )chromosome
" 5 7, 8,14, 7,19 - )Jpairs = 348
Y 2, 3,15 - )No. Heterozy-
" 8 1,11,14 - Jgous pairs = 25
" 10 1, 5, 6,12,14 - )No. Double
* 16 4,11,14,15 - JHets. = 0
* 17 None - )Range = 0-5
" 2(5 - )

)Mean = 2.78/
)animal

Range - Range of number of heterozygous pairs per animal

Mean
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5.6.4 Heterozygosity index

It was decided that if any member of a pair of chromosomes had
a C/L ratio of more than 50% of that of it's partner , then the
pair would be termed heterozygous. This figure was based on the
Paris conference ( 1971 ) figure of 30-50% for subjectively
judged preparations. Two estimations were made, firstly the total
number of heterozygous pairs in each mouse and secondly the
number of times that this heterozygosity was repeatable between
metaphases within the same animal ( i.e. was heterozygous in both

sides of a double karyotype ).

5.6.5 Statistical analysis

As can be seen in Table 13 a high level of heterozygosity ( as
previously defined ) was seen. However the within group
variability was also very high and the proportions of
heterozygous pairs in two karyotypes was very low ( 1/41 for May,
11/72 for Yell, and 0/25 for Northallerton ). These data were too
variable to be subjected to an analysis of variance ( according
to the criteria on the statistics package on the IBM mainframe
computer at Huntingdon Research Centre) and so a non parametric
test, the Kruskal-Wallis test was applied to determine whether
there were any significant differences in C-Band heterozygosity
between populations. For each animal in each population the
number of heterozygous pairs was taken as an estimate of gross
C- Band heterozygosity, with " double heterozygotes" ( i.e.

chromosome pairs heterozygous in both halves of a double
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karyotype ) counting twice. The print-out can be seen in appendix

two and the results summarised as follows;

The null hypothesis was that any one population did not have a
significantly different level of gross C-Band heterozygosity to

any other population.

Isle of May vs Yell p > 0.05 i.e. no significant
difference

Isle of May vs Northallerton p > 0.05 " " " "

Yell vs Northallerton p = 0.01386 i.e. a low level

of significant difference

5.7 Discussion of results

The statistical analysis shows that with the exception of one low
level significant difference between the populations of Yell and
Northallerton ( p < 0.05 ), the variation between the samples is
not sufficiently large to be claimed as anything but a chance
event. While C-Band heterozygosity clearly exists in the wild
house mouse populations sampled it is not possible to clearly
distinguish populations on this basis. While these data agree
with that of Forejt ( 1973 ) they appear to contradict the
evidence discussed earlier this chapter that C-Band
heterozygosity ( as in the laboratory hybrids worked on by Dev
et al (1975) is inherited in a Mendelian fashion. However, a
fundemental problem in the technique used was the failure to
reproduce C-Band heterozygosity from metaphase to metaphase

within the same animal, despite all efforts made to standardise
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techniques. A similar effect has been noted by Hansen ( 1982 )
who C-Banded pig chromosomes of six animals and used the
qualitative approach to heterozygosity ( i.e. if a C-Band appears
to be 50% larger by eye in one of the two homologues then the
pair is heterozygous ). He was using a technique where
simultaneous Q and C Bands are produced so identification of
homologues could be assured. He found that the method was
unsuitable for identification of C-Band polymorphism of
homologous chromosomes and that from metaphase to metaphase
within any one animal the degree of difference between homologues
varied considerably. It would appear from the work detailed in
this chapter, and that of Hansen and Forejt previously, that
while C-Banding has a place in cytogenetics as a useful method
of distinguishing some marker chromosomes it will be of 1little
or no value as a quantitative genetic estimate of differences

between populations until the technique can be improved.

5.8 Suggestions for improvement of technique

This work relied heavily on the consistency of C-Band staining
and on the analysis of photographs from microscope preparations.
As detailed previously every effort was made to standardise
preparation methods. However, the principal drawback may have
been the quality of photographic equipment and expertise. The
margin for error when dealing with slightly unclear photographic
preparations may be a reason why consistency from metaphase to
metaphase was not achieved. Unless high 1level optics and

photography is used then a quantitative approach to centromeric
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heterochromatin would appear to be impractical at present.
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CHAPTER 6

DISCUSSION

Introduction

Robertsonian variation in N.E.Scotland

Inbreeding and fertility

Geographical isolation and chromosomal differentiation
Population genetics of Rb carrying mice

Rb variation and speciation

An introduction experiment on the Isle of May
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6.1 Introduction

In chapter three a discussion of the origin and spread of
Robertsonian translocations in Caithness and Orkney was promised
as was a discussion of the consequences of Robertsonian
variation, possible methods of prop#gation and whether Rb
variation is a possible step in the process of speciation. I

shall discuss the data generated in this study first.
6.2 Robertsonian variation in N.E.Scotland

In chapter three a description of the range of karyotypes seen
in caithness and the Orkney islands was given. In summary all
mice in Caithness carried translocations with two
configurations, Rb (9-12) and Rb (4-10) being almost ubiquitous
throughout the sample. Two further translocations Rb (6-13) and
Rb (11-14) are present in approximately two thirds and one half
of the samples respectively. Three Orkney islands, Eday, Westray
and Faray carried translocations. All carried Rb (9-12). Westray
animals all also carried Rb (6-14). The mice on Eday carried Rb
(3-14) and Rb (4-10) in addition to Rb (9-12). Faray animals had
a variety of translocations but principally Rb (9-12), Rb (3-14)

and Rb (4-10).

Evidence from biochemical examination of 24 loci of mice from a
Caithness sample (number 6 in this study), an Eday sample and a

Westray sample suggested that the island populations can be
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viewed as a subset of the mainland population. There are
differences in alleles between the island populations but with
one single exception all alleles present on island populations
are also present on mainland mice. This suggests that the mice
had a common origin that has subsequently diversified with little
or no gene flow between the islands over a considerable time
period ( Nash, Brooker & Davies 1983 ). The karyotypic evidence
presented here would also suggest that the mice have a common
origin. It has been suggested ( Nash, Brooker & Davies 1983 )
that the mice arrived in N.E.Scotland along with the Viking
colonisation. Evidence for this thesis would suggest that as mice
from Shetland have a karyotype of 2n=40 and presumably these mice
arrived at approximately the same time as the Orkney mice then
the Robertsonian translocation Rb (9-12) arose after initial
colonisation. Mice carrying Rb (9-12) then colonised Eday,
Westray and Faray but not the other Orkney islands. Again this
is presumably an accident of colonisation involving humans.
Because the translocation Rb (6-13) which is found commonly in
Caithness and can be postulated to have been the third
translocation to arise is not present at all on Orkney then it
seems logical to assume that migratory animals from Caithness
to Orkney only carried Rb (9-12). It follows therefore that Rb
(4-10) arose independently in Caithness and Eday. The odds
against this happening would appear to be 1long since the
evidence from the study of Robertsonian translocations in wild
populations of mice is that translocations are random and no
particular arm association is favoured ( Gropp & Winking 1981

). However the only other explanation is that mice carrying Rb
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(9-12) and Rb (4- 10) but not Rb (6-13) colonised Eday. Faray
has translocations in common with both Eday and Westray. Unlike
the other two islands the situation on Faray is labile rather
than stable. This may suggest that Faray has recently been
colonised with mice from both Westray and Eday. As Rb (3-14) (
found on Westray but not on Eday ) appears to be more firmly
established than Rb (4-10) ( found on Eday but not on Westray
) it would suggest that Westray mice colonised Faray before Eday
mice. Indeed the colonisation by Eday mice must have been
extremely recent given that due to the size of the island it is
possible for any Faray male mouse to mate with any Faray female

mouse ( normal considerations of "pecking order" apart).

In Caithness it appears likely that the Rb (9-12) and Rb (4-10)
originally arose in the north east corner of the county and has
gradually spread south and west. More recent translocations Rb
(6-13) and Rb (11-14) are gradually moving through the "sub-
populations™ and becoming established in a similar way to that
of Rb (9-12) and Rb (6-13) before them. Caithness would appear
to be in an intermediate state similar to that described by
Adolph (1982) in Southern Germany, mid way between the usual
2n=40 populations and the 2n=22 populations in Italy described

by Capanna (1978).

6.3 Inbreeding and fertility

Having thus established that both in Scotland and in many other

populations of Mus domesticus, metacentric chromosomes arise and
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spread, the obvious questions that arise are why and how?
Genetically, metacentric chromosomes in a population of
acrocentics would appear to be seriously deleterious. A
heterozygote, i.e. an animal heterozygous for a Robertsonian
translocation, would appear to have a post-mating barrier to the
production of successful progeny in the form of hybrid
hypofertility. Several Rb chromosomes from wild populations have
been introduced into 1laboratory strains in which all the
subsequent heterozygotes expressed varied degrees of non-
disjunction at the first meiotic division (Gropp and Winking
1981; Cattenach and Moseley 1973). This non-disjunction then
leads inevitably to aneuploid gametes. Ford (1972) concluded that
there was no selection against these aneuploid gametes and Gropp
& Winking (1981) showed that there was a total lethality of

zygotes produced by them , leading to a decrease in fertility.

Capanna et al (1985), quoting the work of Tettenborn and Gropp
(1970), Capanna (1976) and Gropp and Winking (1981), calculate
that if hypofertility is expressed as a percentage of the
aneuploid gametes produced, the degree of aneuploidy is
proportional to the number of Rb metacentrics in the heterozygous
state. Winking and Gropp (1976) showed that where 7, 8 or 9
metacentrics are involved as heterozygotes the percentage of
aneuploid gametes ranges from 50% to 71%. These figures
correspond fairly well with estimates of gametic aneuploidy
values evaluated as the DNA content of the epididymal spermatozoa
(Redi and Capanna 1978). This sharp reduction in hybrid
fertility, however, reduces dramatically when lower values of Rb

heterozygosity are seen (Cattenach and Moseley 1973; Ford and
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Evans 1973; Gropp and Winking 1981). Gropp et al (1982) showed
the non-disjunction rates in males heterozgous for a single
translocation to vary from 2% to 28%. All of the above examples
relate to autosome-autosome pairing in the Rb metacentric. Adler

et al (1989) investigated the influence of Rb (X-2) on anaphase

I non-disjunction in male mice. The results showed that, as
expected, when the Rb (X-2) translocation was included in the
male genome the frequency of sex-chromosomal aneuploidy was 10.8%
and secondary spermatocytes containing two or more sex
chromosomes were equally frequent. A subsequent breeding
programme showed that litter sizes were reduced in crosses
between Rb (2-X) males and heterozygous Rb (2-X) females. Overall
in all crosses 3.9% of the newborn progeny will have suffered
prenatal loss - monosomy or trisomy for these chromosomes is
known to act as an early lethal with only a few trisomic embryos

even reaching the post-implantation stage (Baranov 1983).

Given the above evidence that when a Rb translocation is
introduced to an all acrocentric bearing population a lack of
fertility in the heterozygote results, and that as more Rb
translocations successfully arrive, the more severe this
hypofertility becomes, it is puzzling how Rb chromosomes can be
established in natural populations. The most pertinent question,
if we accept for the moment the hypothesis that Rb translocations
arise singly and successively rather than in a multiple fashion,
is how the first translocation becomes fixed in a population.
Data on non-disjunction in heterozygotes carrying single Rb

chromosomes are thus very important to the wild situation. Much
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of the data arise from studies involving either de novo
translocations in laboratory strains (Evans, Lyon and Daglish
1967; Gropp and Winking 1981) in which non-disjunction rates were
shown to be low (of the order of 6%) or in work where Rb
chromosomes derived in the wild were studied in mixed
wild/laboratory genomes (Gropp and Winking 1981) giving a range
of non-disjunction rates from 2% to 28%. Some studies, however,
have produced results of interest which suggest that the often
quoted theory that the negative effect on fertility seen in
laboratory mice carrying a Rb metacentric may not always apply
in the wild. Searle (1984b) obtained karyotypes of embryos from
pregnant, wild caught, females of the common shrew : of the
embryos that had at least one parent heterozygous for at least
one Rb chromosome, Searle identified one trisomic in 74 embryos

karyotyped.

Harris et al (1986) describe an experiment performed on
laboratory bred Peru-Coppock mice of pure wild genome (Wallace
1981). This is of particular interest to this work because the
translocation Rb (9-12), postulated earlier to have been the
first arising translocation in Caithness, arose spontaneously in
this 1line. Harris and co-workers determined the rate of
aneuploidy in early post-implantation embryos from Rb
heterozygotes of the partly inbred (F10), genetically wild, Peru-
Coppock stock. They showed that the rate of aneuploidy was
significantly increased in dams bearing an Rb chromosome in a
heterozygous state (21.3% of implantations would not have

survived to birth compared to 2.9% in the control group).
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So far this data appears to agree with earlier work - an Rb
heterozygote leads to loss of fertility. However, an interesting
fact emerged. In dams heterozygous for the Rb chromosome 61/90
embryos also carried Rb (9.12). This represents a significant
departure from the 1:1 ratio of Rb/+ to +/+ embryos expected from
random disjunction at the first meiotic division of the oocyte
and suggests a preferential retention of the Rb chromosome in the
egg nucleus. This is in contrast to Gropp and Winking (1981)
where 5 of 10 Rb heterozygotes showed a deficiency in the
transmission of metacentrics. This difference, it is suggested

by Harris et al, could be due to the fact that in matings

between wild and laboratory mice minor chromosomal differences
between the Rb chromosome and its homologous partners could be

responsible.

In summary therefore, Harris et al (1986) showed that the
presence of an Rb chromosome was sufficient to cause an
appreciable rate of non-disjunction and lethality. However, these
deleterious effects may be compensated for by the preferential
transmission of the Rb chromosome, a process that, in a free-
mating population, could make an important contribution towards

the Rb chromosome's eventual fixation.

Winking et al (1988) studied Rb carrying wild mice from Zader,
Yugoslavia. A wild mouse heterozygous for Rb (8.17) was mated
several times with all acrocentric outbred NMRI females. A

comparison was made with males with the same Rb chromosome after
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introduction by five consecutive backcrosses into a laboratory
mouse genome (NMRI) and from other Rb (8.17) heterozygous males
whose (8.17) Rb chromosome had a different wild source. A very
interesting result emerged. There was no evidence of noteworthy
disturbances of meiotic segregation in the Rb (8.17)/+ natural
hybrid male as seen by the number or resorptions nor any evidence
for an increased rate of pre-implantation losses. Much higher
disturbances in both parameters were seen in those mice which
carried the Rb chromosome in a laboratory mouse genome. The proof
of unimpaired fertility of the natural hybrid of Zader (it is
claimed by Winking et al) may indicate that heterozygosity of at
least some Rb chromosomes within their environmental genome does
not have a negative effect upon fertility that is present after
the introduction of the ferally derived Rb chromosome into a

laboratory mouse genome.

This hypothesis is expanded in an earlier paper by Winking
(1986) . In this study, designed to test the premise that results
on fertility obtained from artificial hybrids bear little or no
relation to the situation present in natural hybrids, the non-
disjunction frequencies of six natural hybrids with one to three
heterozygous Rb chromosomes were estimated by M II counts and by
karyotypic analysis of 11 day old foetal embryos in crosses with
outbred females. The mean non-disjunction frequency per
metacentric chromosome was estimated to be 2.2% with a range of
0-4%. Among 398 implants of pregnant females mated with natural
Rb hybrids only one trisomic embryo could be identified (0.25%).

He concludes that there is no evidence that Rb heterozygous
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fathers produce more inviable implants than wild males without
structural heterozygosities and that non-disjunction rates caused
by Rb heterozygotes are very low in natural hybrids. Finally the
Rb translocations were introduced into a laboratory mouse genome
and retested. High rates of non-disjunction were seen varying

from 20% to 40%.

What does, however, appear to be true beyond all question is that
when two groups of mice, both bearing Rb translocations, but
differing in the arm composition i.e. exhibiting monobrachial
homology, are mated, severe fertility problems occur. This has
principally been studied in the Italian populations where this
situation is found in the wild (Gropp 1974, Gropp and Kolbus

1974, Britton-Davidian et al 1989). Impairment of fertility is

severe leading in some cases to full sterility in males and a

minimum of 24-43% sterility in females.

6.4 Geographical isolation and chromosomal differentiation

Winking (1986) postulates that there is a "mutagenic agent"
acting on the acrocentric chromosomes of the European house
mouse. This mutagenic agent appears to cause exclusive breakage
of the pericentromeric region with subsequent reunion of
different acrocentric partners. He points out that whatever this
mutagenic agent may be it has been extremely successful in Italy,
where more than 10 highly polymetacentric homozygous mouse
populations exist. Outside of Italy, and the work described in

this thesis is a case in point, almost all Rb populations are
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polymorphic with low numbers of Rb chromosomes. One must assume
therefore that if the dynamics of generation and fixation are
similar throughout, then the fusing of chromosomes in mice
occured much earlier in Italy than elsewhere. Ferris et al
(1983), studying mitochondrial DNA in the central 1Italian
populations, have estimated the rate of Rb fixation to be one per
1000 years. The mitochondrial DNA of these mice from central
Italy is very similar to that of Scandinavian animals. Ferris et
al (1983) suggest that these data suggest common ancestors for
both populations that might have diverged 20,000 to 40,000 years

ago.

Britton-Davidian et al (1989) compared Mus domesticus from 28
different regions in eight different countries (Scotland; France;
Spain; Algeria; Tunisia; Italy; West Germany and Holland) using
both cytogenetic and electrophoretic methods. Nine of the 28
regions sampled showed chromosomal variability in the form of Rb
translocations. The remaining 19 populations had an all
acrocentric 2n = 40 karyotype. 34 1loci were studied
electrophoretically. The object of the study was to compare
chromosomal and genic differentiation. They concluded that all
acrocentric and Rb house mouse populations share a comparable
amount of genic variability and a similar allelic distribution
at most of the 34 1loci studied i.e. that the structural
modification brought about by centric fusion has had no effect
on the level or nature of genic variability. This would appear
to suggest that in the period since mice first appeared in

Europe chromosomal divergence has proceeded much faster than
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genic differentiation (see also earlier discussion in this

chapter on data generated by Nash, Brooker & Davis , 1983).

Winking (1986) suggests that the "mutagenic agent" causing Rb
translocations was first introduced into populations of central
and northern Italy and has spread from there. The distribution
pattern of Rb populations would appear to suggest that human
trade routes played a large part in spreading mice carrying Rb
translocations. Moriwaki et al (1984) have claimed that mixing
of "foreign" genomes could induce Rb exchange since the only
identified Rb chromosome of Japanese mice has been discovered in
a population contaminated with European house mice. If this
hypothesis is valid - that the introduction of a strange genome
is sufficient in some cases to trigger centric fusion - the
transfer of foreign mice via ships into local populations of
coastal areas, could act as the mutagenic agent in European wild

nice.

The Robertsonian phenomenon in mice consists of an array of
geographically separated systems made up of several parapatric
Rb "races" which share one or more fusions. The presence of the
same Rb translocations in populations belonging to different
geographic systems questions the relatedness of the different
systems to one another. Two different viewpoints can be taken -
firstly that the Rb translocations arose from multiple origins

and secondly that the fusions are unique events.

In the first theory, geographically separated Rb systems
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originated independently and in situ suggesting that fusions may
have multiple origins. This is supported by the cladistic
analysis of chromosomal phylogenies in mice performed by Larson
et al (1984) and Corti et al (1986). Britton-Davidian et al
(1989) report that a total of 80 fusions have been reported in
wild house mice, 45 of which are unique to distinct Rb systems.
The remaining 35 fusions are common to two at the least, and
five, at the most, geographically separated systems. Rb
translocations present in one or several systems also occur as
rare fusions in other regions e.g. Rb (10-11) in the Apennines
and Denmark (V. Bolomier unpublished observations reported in

Britton-Davidian et al 1989), Rb (3-8) in Denmark, Lombardy and

the Apennines. Several geographically remote Rb systems share a
large number of fusions whereas nearby systems may not. One Rb
population can share as many as six fusions with other
populations dispersed throughout Europe and north Africa (i.e the
northwestern Pelonnesus population with Lombardy, southern
Germany, the Apennines, Tunisia and the Lipari islands - Britton-
Davidian et al 1989). Additional indications that individual
chromosomal rearrangements may not be unique events have received
recent support in other rodent genera (Qumsiyeh et al 1987
working on Tatera and Gerbillus and Rogers et al 1984 working on

Peromyscus) .

The alternative view is based on the assumption that fusions are
unique events, the probability of the same fusion occuring twice
by chance being very small (Sage 1981). Based on the intense sea

traffic that has promoted migration of mice, particularly along
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the Mediterrean coast, Tichy and Vucak (1987) argue that the Rb
process originated in a limited number of geographic areas from
which the translocations spread through chromosome flow to the
regions in which they are now present. Once these fusions become
established in a new geographic area, additional unique fusions
accumulate and become characteristic of the geographic system.

The data from Scotland would appear to support this latter

theory.

It would also appear to be true that if all Rb sytems have a
common origin, they will appear genically more related to each
other than to neighbouring, all acrocentric, populations. The
data presented by Nash, Brooker and Davis (1983) and Britton -

Davidian et al (1989) would appear not to support this theory.

6.5 Population Genetics of Rb carrying mice

The spontaneous production of translocations must follow a
process which guards against them getting "lost" again.
Chromosome mutations, disadvantaged in the heterozygous state and
not positively selected for in the homozygous state, cannot
"stabilise" in infinitely large populations. In the case of low
initial frequency (p much less than 0.05) of chromosome mutations
the frequency can never increase ( Bengtsson & Bodmer 1976 ) and
a labile equilibrium may result ( in contrast to the stabile
equilibrium formed when the mutation is heterozygously
advantaged) If this state of equilibrium were ever reached, every

increase of the initial form, e.g. by migration, would lead to
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a continous deviation from the state of equilibrium and the
initial form would gradually fix itself. However, in order that
the chromosome mutation can fix itself , White (1978b) proposes
four causative effects; inbreeding, drift, meiotic drive and
selective advantage, which Hederick (1981) investigated
mathematically. There is no evidence for the existence of the
last two factors in the house mouse (White 1978b, Gropp &
Winking 1981) the first two are typical characteristics of house

mouse populations (Baker 1981, Berry 1982 ).

Drift effects enable the chromosome mutation to fix itself (
Bengtsson & Bodmer 1976). In order for it to persist longer,
extend over a larger area and remain stable for several
generations, the mutation must be carried by a sufficient number
of individuals. The formation of homozygous subpopulations can
occur through colonisation of adjacent sites and/or through
fixation in newly immigrant adjacent populations (Lande 1979).
To what extent the formation of homozygous subpopulations is
possible depends to a very large extent on the size of the
population and immigration from adjacent populations. 1If,
however, after a time a sufficiently large area has been
colonised and/or after drift effects have rendered it homozygous
for the chromosome mutation, the size of the subpopulation,
immigration of the initial form and selection against the
heterozygote determines for how long this state remains stable

or completely independent of the initial form.

House mouse populations, with their small family units
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(inbreeding tendency) and low migration to adjacent populations
demonstrate an important precondition for the accidental fixing
of translocations. They can rapidly increase to large population
densities, easily colonise new territories (if necessary, with
human assistance) thereby taking over 1large territories and
gradually filling them homogeneously. It is precisely the
multiformity, the flexibility in the population structure which
might be the prerequisite for the fixing and stabilising of a
chromosomal mutation in a large area. Once a translocation, or
a series of translocations in a large population have been fixed
and the population has been stable for some time, then it is
possible to speculate on possible evolutionary and speciational

consequences of these mutational events.

6.6 Rb variation and speciation

The high incidence of closely related species that differ in
karyotype (summarised at great length in White 1978a) has
provoked the idea that chromosome rearrangements can cause
reproductive isolation. This is the key factor in speciation
(Mayr 1963; Dobzhansky 1970). A large number of models for
chromosomal speciation have been put forward. Sites and Moritz
(1987) subdivided these up into the following groups:
Class Model
I 1. Stasipatry (White 1968)
2. Invasive (White 1982)
3. Primary chromosomal allopatry (King 1987)

4. Chain process (White 1978b)
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5. Cascade (Hall 1983)
II 6. Monobrachial centric fusion (Capanna 1982;
Baker and Bickham 1986)

III 7 Recombinative breakdown (Shaw 1981)

The most widely cited models concern the effect of individual
rearrangements that, by disrupting segregation patterns in
meiosis, decrease the fertility of heterozygotes. Some of the
models differ in both geographical context and the manner in
which new rearrangements are spread once fixed. For example,
statispatry (model 1) can operate within, or parapatric to, the
ancestral population, whereas the other models are essentially
allopatric. Also, the spread of a new rearrangement under
statispatry involves a moving "tension zone", whereas invasive
(model 2) or primary chromosomal allopatry (model 3) involve
range expansion and colonization by the new karyotypic form. The
chain process (4) and cascade (5) models suggest that
reproductive isolation results from the cumulative effects of
several rearrangements, each of which is slightly underdominant.
All of the above models concern rearrangements that are
individually underdominant and they must all face the same
paradox : the more efficient the chromosome change is as a
barrier to gene flow, the less probable is its survival and

fixation within a deme (Wright 1941; and see below).

Recently a distinct model of chromosomal speciation has been
discussed that emphasizes the behaviour of multiple centric

fusions with monobrachial homology (one or more shared arms:
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Capanna 1982; Baker and Bickham 1986; Moritz 1986). According to
this mode (class II), each centric fusion can cause little or no
disruption of meiosis, and thus becomes fixed by weak genetic
drift in moderate sized demes. Their role as barriers to gene
flow only becomes evident on secondary contact between
populations that are fixed for fusions of different combinations
of chromosome arms, but with one or more of the same arms
involved. In this case, the hybrids will have severely reduced
fertility due to the aberrant segregation of the tetravalents,
or higher order multivalents formed in meiosis (Gropp et al

1982; Baverstock et _al 1983).

In class III, the barrier to gene flow derives from the
disruption of co-adapted gene complexes by alterations in
recombination patterns of chromosomally heterozygous F1 hybrids
(Shaw 1981; Shaw and Coates 1983). This mechanism, evidenced by
developmental breakdown among the progeny of the F1 generation
but no decrease in the fertility of Fls, contrasts strongly with
the previous models, all of which stressed the production of
aneuploid or unbalanced gametes by chromosomal heterozygotes.
Briefly, the model suggests that chromosomal changes (such as
pericentric inversions) that alter recombination patterns become
fixed in populations. In each population a distinct linkage
group, adapted to the particular environment, is gradually
created. Hybrids formed on secondary contact show shifts in the
location of chiasmata in the structurally heterozygous bivalents,
and this appears to disrupt the internal balance of the

chromosomes. (Jarrell (1984) has postulated a similar role for
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heterochromatic changes, but some organisms are capable of
maintaining extensive C-band polymorphism in natural populations,
see John and King (1983) ). The disruption of coadaptation is
manifested by a severe reduction in the viability of progeny of
the F1 hybrids. Although the coadaptation basic to this mechanism
stems from genic interactions, the wultimate cause of the
disruption is the chromosomal changes through their effect on
recombinant patterns. This model 1is based on the elegant
experimental studies of the grasshopper Caledia captiva (Shaw and

Coates 1983; Coates and Shaw 1985).

The models differ in two fundamental respects: the nature of the
barrier to gene flow, and the permissible population structure.
In classes I and II, the decrease in th fitness of hybrids stems

from the disruption of meiotic segregation patterns resulting in

a high proportion of aneuploid and/or non-functional gametes. By
contrast, the barrier to gene flow in model 7 stems from a change

in the meiotic recombination patterns and the consequent
disturbance of coadapted chromosome segments. All of these models
consider chromosomal differences as post mating barriers to gene
flow. Theoretical studies suggest that the fitness of
heterozygotes must be greatly reduced (>30% deficit) for the flow
of neutral genes unlinked to the rearrangement(s) (Barton 1979;

Spirito et al 1983; Bengtsson 1986). However, Paterson (1978,

1981) has argued thet even this is an inadequate basis for

speciation, in the absence of positive assortative mating (see

also Butlin 1987).
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The population genetics theory for class I models has been
intensively studied (Wright 1942; Bengtsson and Bodmer 1976;
Lande 1979, 1984, 1985; Hedrick 1981; Slatkin 1981; Walsh 1982;
Hedrick and Levin 1984; Bengtsson 1986; Chesser and Baker 1986).
Without exception, these studies have shown that rearrangements
with sufficient meiotic effects to provide an effective barrier
to gene flow can only become fixed in very small demes (n<10)
with no gene flow. The simulation studies by Chesser and Baker
(1986) suggest that extinction rates will be high under these
conditions. However, with meiotic drive or strong inbreeding, the
permissible deme size and gene flow rate are slightly relaxed.
White (1968, 1978a,b) and Bush (1981) have suggested that a
selective advantage of the novel homozygote will facilitate the
fixation of an underdominant rearrangement, but Hedrick (1981)
demonstrated that the selective differential must be massive to
make any appreciable difference. Walsh (1982) confirmed earlier
speculations (White 1978b) that reproductive isolation is more
likely to result from the accumulation of several slightly
underdominant mutations, than from a single strongly
underdominant chromosome change. Despite the above restrictions,
chromosome changes that should cause a considerable reduction in
the fertility of heterozygotes (e.g., tandem fusions, Elder 1980;
John et al 1983; Moritz 1986, reviewed by White 1973, 1978a) are

occasionally established in natural populations.

In wild mice, two theories have consistently been put forward as
a possible model for speciation in Rb carrying animals. Capanna

(1977a) was sufficiently persuaded by his theory to describe Rb
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carrying mice as a "species incipientes". The two theories which
have attracted the most discussion are the "multiple concentric

model" (Capanna 1978; Capanna et al 1977a; White 1978a & b),

occasionally referred to as the Multiple Succeeding Mutation
model and the "monobrachial® homology model (Baker & Bickham
1986). In the first model, the first fusion (Fl) spreads over a
considerable area. Two different fusions (F2 and F3) then
establish themselves at different points within its territory and
later fusions (F4, F5) establish themselves within the areas
occupied by F2 and F3. All fusions extend their range until they
coalesce, giving rise to two populations, F1,F2,F4 and F1.F3,F5.
These now meet in a zone where genetic isolation is especially

strong, due to extreme development of meiotic abnormalities.

The rationale underlying such chain processes of chromosome
evolution is, of course, that a single rearrangement does not
entirely prevent introgression of genes into the "fusion
population" - the extent of introgression is diminished by the
establishment of each successive fusion and it may take as many
as nine to reduce it to a negligible scale. The effect of a
structural chromosomal rearrangement in isolating a 1local
population, or group of local colonies, from the disruptive
effects of introgression, would operate partly through group
selection rather than individual selection. Near the boundary
between the two main populations, those demes in which the
fusions have reacted to fixation will be more successful than
those in which they are present as a polymorphism. In the latter

type, selection will favour chromosomal heterozygotes (of both
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types) with minimal genic introgression and regular meiosis,
heterozygotes with disharmonius gene conbinations and some
meiotic non-disjunction having lower fitness. Thus, on each side
of the boundary zone, group and individual selection will operate

in the same direction.

Initially the first fusion (or other chromosomal rearrangement)
must be expected to spread until it reaches the edge of the genic
area effect. When it does so it will be halted and will not
penetrate into a population of different genetic constitution.
The next rearrangment to establish itself (within the territory
occupied by the previous one) will only do so if the first one
is insufficient to completely arrest introgression. It will
spread in the same manner as the first one until the ranges of
the two coincide. This "coalescence" of different boundary zones
will occur by the spread of demes with multiple fusions or other
rearrangements (well protected from introgression) and
contraction of those with fewer rearrangements. This process will
continue, with subsequent rearrangements behaving in the same
manner, until the fitness of the multiple heterozygotes at the

"frontier" is low enough to prevent introgression.

The other main model of speciation via Rb translocations in mice
is that of monobrachial homology (Baker & Bickham 1986). This
model requires extrinsically isolated subpopulations and best
fits the conditions associated with a peripatetic founder
population or some other small extrinsically isolated population.

The model requires fixation of different chromosomal
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rearrangements in two independent populations. However, as
centric fusions cause 1little or no loss of fertility in

heterozygotes, extreme populational bottlenecks are not required.

Separate isolated populations independently become fixed for
different chromosomal centric fusions, with each population
encountering minimal meiotic problems. If these populations
hybridise when combined in a heterozygote, the same centric
fusions that became fixed with minimal meiotic problems, produce
reproductive isolation through a greater level of meiotic

impairments.

The model relies on the establishment in separate founder
populations of different biarmed chromosomes with monobrachial
homology. Monobrachially homologous biarmed chromosomes result
from the independent fusion of homologous acrocentric chromosomes
to different non-homologous acrocentrics. The resulting biarmed
chromosomes have only one arm that is homologous. In meiosis of
individuals heterozygous for monobrachially homologous biarmed
chromosomes, quadrivalents or more complex multivalents are
formed that usually do not segregate normally and result in
severely reduced fertility. Heterozygotes for a simple centric
fusion form trivalents in meiosis that often segregate normally

and produce minimal meiotic problems.

Although the data reported in this thesis, particularly that fron
Caithness, would appear to fit with the theory of White and

Capanna, the monobrachial homology of Baker and Bickham seems to
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have more strength. Critically, it overcomes the frequent
criticism of White's model concerning the effectiveness of the
postmating isolating barrier. In the monobrachial theory, it
seems clear how postmating isolating mechanisms combine with
other isolating mechanisms which precede and subsequently
reinforce them (such as premating behavioural barriers - little

clear evidence has been produced but Capanna et al (1984 and

1985) have conducted ethological experiments looking at inter
male aggression between male mice from different chromosomal
races). During the accumulation phase of Robertsonian fusions
postmating isolation is prevented from operating by the small
number of heterozygotes in hybrids. On the other hand
hybridization by interdeme migration allows any Rb fusions from
outside to be incorporated into the karyotype. Only when
metacentrics with single arm homology appear in different
populations and, consequently, severe impairment of fertility in
double heterozygotes and the impossibility of producing a new
homozygote karyotype comes about, is the postmating reproductive
barrier set up. It could be pointed out however, that the
postmating isolating mechanism has a high cost in terms of
decreased reproductive fitness among the populations. Each
mutation occuring within isolated populations that is capable of
producing behavioural diversification suitable for setting up a
premating barrier is thus likely to be rapidly and positively

selected for.

6.7 An introduction experiment on the Isle of May
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As a consequence of my own work, reported in this thesis, an
experiment was conducted that has great relevance to this work
and, at the suggestion of my examiners, is reported below. The
information was given to me by Paul Scriven (pers. comm.) to whom

my thanks and acknowledgment are here recorded.

In April 1982, 77 house mice from the island of Eday in the
Orkney archipelago were introduced onto the Isle of May in the
firth of Forth, Scotland. Introduced allozyme alleles and
Robertsonian translocations spread very quickly. Within 18 months
the frequencies of introduced alleles and fusions had approached
50% of their Eday value and every mouse examined had at least one

introduced allele or fusion.

Allozymically, house mice are among the more variable mammalian
species. Berry (198la) quotes an overall average heterozygosity
per locus (H) of 7%. Surprisingly most samples of May mice have
had an H value of zero (Berry 198la). In one survey involving
over 70 allozyme loci, only two (Xylose dehydrogenase-1 and
Transferin) were found to vary. However, in both instances the
commonest allele was present at greater than 95% (Berry, pers.
comm.). Post introduction and by September 1983 (within 18
months), hybrid May mice had an H value of 7.3%. Fourteen loci
are now known to be polymorphic on the Isle of May compared with
12 on Eday and none on the Isle of May preintroduction. Isle of
May mice originally had 40 acrocentric chromosomes (see chapter
3 of this work). Eday mice have 34 chromosomes as a consequence

of three Rb translocations ; Rb (3-14), Rb (4-10) and Rb (9-12)
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(Berry et al 1981; Adolph & Klein 1981, Brooker 1982, Nash,
Brooker & Davis 1983, chapter 3 of this work). Post introduction
Isle of May mice are now segregating for three centric fusions.
The isolated nature of the Isle of May makes it very suitable for
study. It is uninhabited except for the lighthouse keepers and
lies six miles off the coast of Scotland. There is a very low
likelihood of immigration of animals. Apart from mutation, post
introduction genetic variation can only be a consequence of

introducing mice.

Scriven's work examines three parameters for change in May post
introduction ; morphometrics, allozymes and chromosomes. The
latter is of the most relevance to this work. The frequency of
introductions of centric fusions onto the Isle of May was 0.07.
The fusions were introduced with 77 Eday mice in the south of the
island. Within 18 months of the introduction, fusions were found
segregating in mice over the whole island. The frequency of each
fusion had approached 0.5 and each was segregating according to
Hardy Weinberg proportions. The frequency of each fusion
continued to increase post September 1983 and was last observed
in 1989 to be around 0.65. An examination was made for non-
disjunction at anaphase I of three male morphs ; Eday type (three
homozygous centric fusions); May type (no centric fusions) and
Fl1 type (three heterozygous fusions). Germ cell preparations
were made and 200 metaphase II cells scored. The proportion of
cells showing non-disjunction was calculated, taking the "May"
figure as the norm or baseline, due to the absence of centric

fusions. It was concluded that "May" type and "Eday"type had
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similar rates of non-disjunction but that hybrid cells show

significantly more non-disjunction.

There is uniformity in the success of introduced morphometric,
electrophoretic and chromosomal elements. Without exception, each
increased to 50% of its Eday frequency, irrespective of the
frequency of introduction, by September 1983. Introduced elements
had reached an equilibrium frequency of about 65% by September

1986.

The experiment is surprising. Firstly, because previous
introduction experiments have, almost without exception, been
unsuccessful; and secondly because of the total introgression of
Eday and May genomes. There is no evidence of either pre or
postmating barriers between Eday and May mice - despite the
presence of three Rb translocations. The elevated level of non-
disjunction found in triple heterozygotes has not been a
noticeably negative factor - perhaps compensated for by hybrid
vigour and increased fitness in terms of over-winter survival of

hybrids.

This work has relevance to our understanding of the role of major
chromosomal rearrangements in speciation. The May experiment is
somewhat analogous to an expanding Robertsonian race coming into
contact with a non Robertsonian race. White believed that the
accumulation of centric fusions by a population would contribute
to reproductive isolation as a consequence of reduced

reproductive fitness in hybrids due to non-disjunction. The May
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experiment shows that segregating fusions can have a negligible
effect. The role of major rearrangements are obviously different
if both populations have different Robertsonian fusions as
monobrachial homology plays a significant part in non-

disjunction.
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