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ABSTRACT

T'he possibility of screening large numbers of individuals directly for genetic variability at the
DNA level has only become feasible within the last decade. Prior to this, gel electrophoresis
was employed to resolve small differences in the amino acid sequences of proteins. This thesis
describes the application of three molecular genetic techniques to elucidate the relationships
within sub-populations as well as the distribution and relationships between groups of sub-
populations of an invading species of deer; Reeves muntjac (Muntiacus reevesi). Samples were
taken from eighteen U.K. sub-populations of muntjac, representing increasing geographic

distances centred on Woburn Abbey (the putative centre of origin) and one group from Taiwan
were 1mvestigated.

An appropriate DNA fingerprinting protocol was established, based on published protocols and
two commercially available minisatelite probes. Detailed analysis of the banding patterns

produced by these probes allowed an estimate of the level of inbreeding within sub-populations

r-_l:h—*ﬂ - e -

to be established. Tentative relationships were also able to be established between the sub-
populations sampled. Although there was some overlap between probes, they generally

detected independent loci. The mean band sharing coefficients were found to range from 0-19 to
0-33 (probe 33-15) and 0-15 to 0-34 (probe 336).

TI'he polymerase chain reaction was used to amplify the control region of muntjac mitochondrial
DNA prior to digestion with restriction enzymes. The restriction fragments produced were found
to be sufficiently informative to identify eight maternal lineages and demonstrate that
genetically closely related groups are in fact geographically widely separated, a finding
counter to the hypothesis of a regular mode of dispersal. Genetic partitioning betwecen sub-
populations was assessed by three agglomerative clustering methods which demonstrated that
there 1s very little geographic partitioning between sub-populations, a result which may be
expected given the short time since the introduction of muntjac to the U.K.

Genetic variability between sub-populations was also assessed by an investigation of the
geographic distribution of seven microsatellite loci. Most microsatellite loct were found to be
highly polymorphic and there was substantial variation in the number of alleles detected per

sub-population. Heterozygosity values were found to be high, ranging from 0-48 to ()-74. Fourteen
‘rare’ alleles were uncovered distributed between ten of the eighteen sub-populations. Wright's
Fis was calculated as a metric of the level of inbreeding within sub-populations. The mean
values of this estimator ranged from -0.181, indicating heterozygosity, to 0.222, indicating
homozygosity. Nei’s Ggr, an analogue of Wright's FgT was calculated to give an indication of
the level of genetic sub-structuring between sub populations. These calculations indicated that
differentiation by distance is not significant over the geographic range of the sample area,
again indicating that the muntjac have not dispersed in a ‘natural’” way.

The use of three different molecular techniques has allowed comparisons to be made between

their relative merits in terms of the level of genetic information they provide and in their
ability to define population structure.
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_Chapter 1

INTRODUCTION AND BACKGROUND TO THE PROJECT

11 Introduction

Population bottlenecks and the consequential effects of a diminution of
genetic variation on the surviving small number of individuals are well
known and have been the subject of many studies. Other than being of
Intrinsic value; reaching an understanding of the causes and consequences of
diminished genetic variation is of primary importance in the genetic
management of species that are in danger of becoming extinct. There have
been a few studies on the consequences of bottlenecks in natural populations
(Bonnell & Selander 1974, Ryman et al 1977, O’Brien et al 1983, Wildt et al
1987, Gilbert et al 1990, Packer et al 1991b, Roelke et al 1993) but many species
have been through a bottleneck followed by a rapid population expansion.
There are numerous records of the successful introduction and naturalisation
of many species both in the British Isles and the rest of the world (Lever 1977,
1978).

An understanding of the genetic consequences of population expansion after
a bottleneck event, as well as a knowledge of colonisation profiles and the
mode of range expansions are of considerable importance in the formulation
of conservation strategies for rare and endangered species.

The subject of this study is Reeves’ muntjac (Muntiacus reevesi). Here I shall
investigate the dispersal and origins of some of the U. K. sub-populations as
well as the level of genetic similarity within and between populations using
three molecular genetic techniques, (1) DNA fingerprinting, (2) restriction
fragment analysis of a region of mitochondrial DNA, and (3) microsatellite

DNA analysis.

Reeves’ muntjac is a diminutive deer that originates in China and Taiwan
(Whiteheéd 1972), comparatively little is known about their native habitats
other than what has been summarised by Sheng (1992). Twenty four were
introduced into the U. K. from within their native range at the beginning of
this century (Chapman 1991a) and since then, as a consequence of either
escaping or being released, they have dramatically expanded their range to
cover most of southern England (Anderson & Cham 1987). They are one of

W



the few species of mammal that have been through a population bottleneck

followed by a rapid population expansion, and which hold the potential for a
thorough investigation. We are fortunate in knowing the number of founder

individuals and in having the source population still essentially intact.

The present-day status of muntjac deer presents an ideal situation in which
the genetic consequences of a bottleneck event followed by rapid population
expansion, the rate of genetic loss associated with rapid colonisation and the
eftect of the size of founder populations on genetic variability can be studied.
The rate and geographical spread of populations and the development of
patterns of genetic variation within and between those populations can also
be studied. Few previous studies (Bonnel & Selander 1974, O’Brien et al 1983,
Wildt et al 1987, Packer et al 1991D [see section 1-10]) have had the opportunity
to investigate such a successful recovery after a bottleneck event.

Reports of the origins of Reeve’s muntjac in the U. K. are sparse and

sometimes contradictory. According to Chaplin (1977a), Reeve’s muntjac was
introduced at Woburn about 1930, but Harding (1986) has reported that the
Woburn record books show that 24 Reeve’s muntjac were introduced between
1892 and 1905. Hastings (1949) maintains that the collection of animals at
Woburn began in ‘about’ 1895.

The expansion of Reeve’s muntjac has been recorded, although patchily, from
1922 onwards for the regions close to Woburn and the surrounding counties
(Chapman 1991a). Their spread has been recorded by Whitehead (1964),
Carne (1968), Clarke (1974), Lever (1977) and Dansie (1983, 1989). Corbet
(1971) has constructed a distribution map taking account of all the records up
to 1970, and Anderson and Cham (1987), using the same data, have produced
a series of maps depicting the expansion of muntjac. By 1960 there were
records from only 12 x 10km squares, but by 1985 this figure had increased to
280. Amos (1992) has tabulated the number of counties in which muntjac have
been recorded per decade as: 1920s/2, 1930s/4, 1940s/10, 1950s/19,
1960s+1970s/31. These increases may of course reflect an increase in the
efficiency of record gathering rather than an increase in range but reports
from the Forestry Commission for 1973, 1978 and 1983 represent a standard
recording regime and confirm an increase in the number of regions in which
muntjac were observed (Forestry Commission unpublished data, Tee et al

1985).



There are three hypotheses associated with this work:-

* That muntjac radiated from the original founding population in a regular
manner, 1.e. dispersed radially from Woburn Abbey, given the limitations
of suitable habitat. In this situation I would expect genetic variation to
diminish with geographic distance. Radiations in different directions may
be found to exhibit their own genetic ‘lineages’ and consequently sub-
populations at the extremes of the radiations may be genetically distinct.
This hypothesis assumes that the population density is such that new
generations are constrained to migrate ever outwards.

 That muntjac dispersal from the original population has been directional
and that discrete sub-populations have been founded. Emigrants from
these sub-populations then dispersed to new habitats where, randomly,
they may have come into contact with individuals from other sub-
populations. This hypothesis assumes that the population density is low
enough to allow emigration in any direction from the previously
established sub-populations. The resultant pattern of sub-populations
would be in the form of a lattice rather than the concentric circles
envisaged in the former hypothesis. Under this hypothesis, genetic
variation would be more homogenous and any variation between sub-
populations may be expected regionally. For example the sub-populations
may fall into a north-south or northeast-southeast divide.

e An open hypothesis, that the muntjac have dispersed in some other way

that may be elucidated by this study.

1-2 A Brief Taxonomy of Muntjac Deer
The extant members of the deer family (Cervidae, order Artiodactyla)

comprise about 40 species world wide and are divided into five subfamilies:
(1) The Hydropotinae, Chinese water deer. (2) The Muntiacinae, muntjacs of
India and Asia. (3) The Cervinae, cervids of Eurasia. (4) The Odocoilinae, a
grouping which contains the moose (Alces), roe deer (Capreolus) and reindeer
(Rangifer). (5) The Moschinae, a contentious subfamily that is included only
by those who consider the musk deer (Moschus) of the Himalayas, China and

Southeast Asia as being within the Cervid family.
The present-day Muntiacinae are all asiatic in origin and are regarded as a

relatively primitive group, mainly on the basis of their diminutive size and
the presence of enlarged, recurved canine tusks in the males. Early members
of the Cervidae, now extinct, either had large canines and no antlers, as in
Blastomeryx of the Miocene of North America, or they possessed a non-



deciduous cranial bony outgrowth that was covered with skin, as in Paleo-
meryx of the Miocene of Europe (Young, 1977). Characteristically in muntjacs
the bony pedicels from which the simple antlers develop in the males
originate on the top of the skull, as in other deer, but extend down the face as
two bony prominences, visible externally as distinctive ridges. Thus giving
this species the common name ‘Rib-faced deer’. Rarely, these antlers may
develop a small brow tine. There are six species within the subfamily
Muntiacinae: Muntiacus muntjak Zimmermann, 1780 (type species) the Indian
(or Javan) muntjac of India, Sri Lanka, Tibet, southwest China, Burma,
Thailand, Vietnam, Malaysia and Indonesia (15 subspecies). Muntiacus Reevesi
Ogilby, 1839, variously known as the barking deer or rib-faced deer, Chinese
muntjac or Reeves’ muntjac of east China and Formosa (two subspecies),
introduced into the U. K. Muntiacus crinifrons Sclater, 1855, the hairy-fronted
or black muntjac of eastern China. Muntiacus feae Thomas & Doria 1889, Fea’s
muntjac of Thailand and Tenasserim. Muntiacus rooseveltorum Osgood 1932,
Roosevelts” muntjac of north Vietnam. Elaphodus ephalophus Milne-Edwards,
1871, the tufted deer of Burma and central and southern China (three
subspecies).

1-3 The Origins of Reeves' muntjac in the U. K.

M. reevesi was introduced into this country at Woburn Abbey, Bedfordshire,
by the 11th Duke of Bedford at the beginning of this century (Hastings, 1949),
and later in 1930 to Whipsnade Zoological Gardens. However, prior to this in
the late 1890s the Indian muntjac (M. muntjak) was introduced to Woburn,
from where in subsequent years a number escaped. They reproduced
successfully both in the captive and feral state (Anderson & Cham 1987) but,
due to their innate aggressive nature, it was decided to replace them with the
more docile Reeves’ muntjac. Whilst this was obviously easily done within
the confines of the park, it was a more difficult task with the feral population.
Later escapes and releases into the wild of Reeves’ muntjac led to the
supposition that the two species may co-exist (Lever, 1977) and possibly have
interbred, or exist as hybrids (Bray, 1981). Soper (1969) states that ‘M. reevesi
and its hybrid with the Indian muntjac have become widely distributed since

both species were liberated into the outlying woods around Woburn’. The
hybrid M. reevesi x M. muntjak being midway In size between the two species
(Whitehead, 1964). One individual was shot in 1946 and identified as being a

hybrid (Whitehead, 1950). Morphological studies of the skull and jaw of
authentic adult Reeves’ muntjac from China and Taiwan, authentic Indian

\




muntjac, and English feral muntjac (Chapman & Chapman, 1982) have shown
that the feral individuals are not the Indian species and are most probably
Reeves’. The probability of there being hybrids could not, at that stage, be
categorically excluded. Later work by Chapman et al (1983) has provided
stronger evidence for the absence of both the Indian species and the hybrid.
The Indian muntjac (M. m. muntjak) has a diploid chromosome number of
nine in the male and eight in the female (Wurster & Atkin, 1972), whilst
Reeves’ muntjac (M. reevesi) has a diploid chromosome number of 46 in both
male and female (Wurster & Benirschke, 1967). The hybrid would then be
expected to be either 2n = 27 (female) or 2n = 28 (male). The hybrid M. m.
vaginalis (2n = 7/female; 2n = 6/male) x M. reevesi (2n = 46) has a diploid
chromosome number of 27 and 26, male and female respectively (Shi, Ye, &
Duan, 1980). All the deer studied in this work of Chapman et al had a
chromosome number of 46 and thus they failed to find evidence for the
presence of either the Indian species or the hybrid. Furthermore, the disparity
In chromosome number between these two species would suggest that the
hybrid is likely to be infertile, as was the case of a male hybrid resulting from
an Indian muntjac (female) x Reeves’ muntjac (male) (Shi & Pathak, 1981).

Any hybrids would be expected to be the progeny of viable sympatric
populations of both species.

Sightings of feral muntjac date back to 1922 when one was seen at Wrest Park,
11km east of Woburn and two years later another was reported from
Ashridge Park, 19km south of Woburn (Anderson & Cham 1987). These were
probably the Indian species as no more sightings are reported from the 1920s,
which coincides with the eradication of the Indian species and the

introduction of Reeves’ muntjac. Table 1-1, a record of the sightings from 1922
to 1974, has been constructed from data on sightings which have been taken
from Lever (1977) and Anderson and Cham (1987).

1922 Wrest Park (Bedfordshire)

1924 Ashridge Park (Hertfordshire) 19km South

1933/34 | Brackley (Buckinghamshire) 38km West
Salcey Forest (Buckinghamshire) 25km N.West

Ryton Wood (Warwickshire) 60km West

1934/39 | Rockingham (Northamptonshire) - 57km North

1937 Kelmarsh (? escape Croyland Abbey) - | 52km N.N.West

1938 Broxbourne (Hertfordshire) 50km S.East
Ampthill Forest ‘around’ Luton (1938 Deer Census) J 10km N.East

— —)




1940 Parham East Suffolk. 140km E.N.East

1941/741 | Walton Wood - Kineton (Warwickshire) 70km N.West
Needwood Forest (Sudbury) 95km East

Easthorpe (Colchester) 100km East

Banner Hill Farm(Warwickshire) 80km N.West
Oakley Wood (Warwickshire) 68km N.West

1948 Hazelborough. (1948 Deer Census) 34km N.West

1949 Bolderwood Forest/ Alice Holt Forest (Hampshire) 150km 5.5.West

1941/242
1947

1950 Odell in Valley of the Ouse (Bedfordshire) 25km North
Overston (Northamptonshire) 38km N.N.West
Krughtly Wood (Northamptonshire) 50km N.West
Kelmarsh /Weekley(Northamptonshire) 50km North

Forest of Arden (Warwickshire)
Stoke Lynne/Bicester (Oxfordshire) 40km W.S.West
Bayford (Hertfordshire) 42km S.East
o5
=
Twyford (Berkshire) 60km S.S.West
1958 Witheringtom Wood (Gloucestershire) 95km S.West
Dumbleton (Gloucestershire) 147km West
Enfield (Middlesex) 50km S.S.East
Hatley Wood (Cambridgeshire) 60km N.East
Watlington (in the Chilterns) 48km S.West
1963 Tackley Wood (Oxfordshire) 50km W.S.West |
Cheltenham (Gloucestershire) 100km West ]
1964 Windsor Forest (Berkshire) 58km South
Simoouth

1966

Highclere (Berkshire) 88km 5.5.West
65km 5.5.East

Barnes Common (Surrey)

South Downs (Sussex)
Trowbridge (Wiltshire)

East Dorset

120km South
125km S.West
160km S.West
Bury St. Edmunds (Suffolk) 95km N.East
Milford Common (Surrey) 90km South

Cranboume (Dorset) 155km S.West

Thame (Oxfordshire)
Dorking (Surrey) 80km South

1971 High Wycombe (Buckinghamshire) 38km 5.S5.West
Rickmansworth/Watford (Hertfordshire) 36km South

Henley (Oxfordshire) 52km S.S.West |
New Market (Suffolk) 75km N.East

Cobham (Surrey) 75km South |
1972 Wantage (Berkshire) 72km S.West
Tingewick (Buckinghamshire) 30km West

1973 Norwich (Norfolk) 140km N.East a

1974 Swaffham (Norfolk) 120km N.East
Mildenhall /King’s Forest (Suffolk) 88km N.East

1968

1970

Table 1-1 A record of muntjac sightings from 1922 to 1974




1-4 Habitat Selection, Social Organisation and Mating Behaviour of
Reeves’ Muntjac

Reeves’ muntjac are essentially forest dwelling animals although they have
been found in a variety of habitats including scrubland, deciduous woodland
and coniferous regions (Anderson & Cham 1987). Previously they were
thought to be a very selective, dense forest species (Soper 1969, Barrette 1987),
deciduous woods being preferred to coniferous woods as the latter impedes
the growth of sufficient low cover (Soper 1969). Dansie (1970) also concluded
that dense cover and available water was necessary for muntjac colonisation.
However, studies in the King’s Forest in Suffolk, a predominantly coniferous
woodland with no standing water, have shown that variety of ground
vegetation 1s more important than density of cover (Chapman et al 1985,
Jewell & Bullock 1991). Reeves’ muntjac is now known to be a flexible and
opportunistic species and a generalist feeder. This ability to adapt to a range
of habitats has no doubt enhanced their capacity for expansion.

Initial reports on muntjac social structure claimed that they lived in family
associations of up to four individuals; early perceptions being that the male
protected his female(s) and fawns by aggressive defensive behaviour (Dansie
1970). However, later work by Chaplin (1977b) and more recent work by

Jewell and Bullock (1991) and Chapman et al (1993) has shown that muntjac
are solitary and polygamous animals that come together for mating on a
common feeding ground, but do not form social groups. Does are rarely seen
with fawns due to the rapid development of fawns (weaning is at seven to
eight weeks), and the habit of the fawn of lying apart from its mother
(Chaplin 1977b). When a fawn is seen, a buck is occasionally also seen in their
company (Jewell & Bullock 1991), but this is probably due to post-partum
cestrus of the female rather than paternity (Chaplin 1977b). Radio tracking has
indicated that particular males and females may associate for some years but
this should not be taken to indicate a life-bond, as changes in association are

known to occur (Jewell & Bullock 1991).
Muntjac are territorial in as much as individuals have home ranges. These

home ranges however are not exclusive and frequently overlap (Chapman et
al 1993). The regional spatial organisation of a group consists of overlapping
doe ranges, the core areas of which are largely exclusive, but they may have
some social cohesion (Chapman et al 1993). The buck’s range is significantly

larger than that of the doe and commonly extends over several doe’s ranges,
but is generally exclusive of the ranges of other adult bucks. There is some

seasonal fluctuation in range boundaries, but overall the ranges are very

stable (Harris et al 1990).




Muntjac are aseasonal breeders, producing young after a seven month
gestation period (Chapman et al 1984). In captive animals the first conception
can occur at five to six months, and as a result of post-partum cestrus, the doe
can conceive within a few days of parturition. The female can therefore be
almost continuously pregnant for all her reproductive life. The record to date
In a captive female is 16 live births over a period of nine years and ten months
(Jewell & Bullock 1991). Although less active during the summer period,
bucks are fertile throughout the year (Chapman & Harris 1991). Unlike roe
deer or fallow deer, muntjac exhibit minimal post natal contact between the
female and her offspring, the young are quickly driven off to find their own
territories (Chaplin 1977b, Anderson & Cham 1987). Jewell & Bullock (1991)
report life expectancy to be in the order of 16 years for males and 19 years for
females, although the age at which females cease to breed is not known.

1:5 The Dangers of Being a Small Population

Small populations are faced with a number of risks that singly, or in
combination, increase the possibility of local extinction. Challenges to small
populations can be classified as either intrinsic or extrinsic. Intrinsic factors
encompass demographic processes arising from the random changes in birth,
sex ratio and mortality rates. These processes may result in a loss of genetic
variation, and hence decreased fitness as a consequence of founder effect,
genetic drift and inbreeding. Extrinsic factors include environmental
fluctuations due to changes in weather, food supply and the populations of
competitors, predators, parasites etc. and natural catastrophes such as flood,
fire, drought, famine etc., which may occur at random or regular intervals.
These factors may have a profound influence on the dynamics of small

populations. These factors also interact. For example, an epidemic may
reduce the population size to a point where inbreeding depression becomes a

major factor which decreases the demographic parameters of survival and
reproduction.

Inbreeding in a small local population may be a positive genetic asset if even
a very limited amount of emigration/immigration is likely to occur. Consider
two separate inbreeding sub-populations that have become relatively
homozygous and have a high average coefficient of relatedness. The progeny
of a mating between two individuals from these sub-populations would be
highly heterozygous - thus restoring a level of genetic variability within the
sub-population. This dispersal-related heterosis may In some species be
related to their social system, e.g. termites (Dawkins 1989).




However, in general the effect of any one individual on a population’s
viability is significantly less in large populations than in small ones. Shaffer
(1981) and Ballou (1991) have both suggested that demographic risks will
present but a minor challenge in all but very small populations, i.e. those
composed of less than twenty individuals.

The distribution of genetic variability over the area encompassed by a
population may significantly influence the evolutionary dynamics of that
population (Lewontin 1974; Endler 1977; Brown 1979; Wright 1982). Thus, the
geographic distribution of genetic variability has long been of primary
Interest in evolutionary studies. However there appears to be a lack of
consensus on the spatial scale at which population genetic structuring is
expected to develop (Dewey & Heywood 1988).

1-6 The Importance of Spatial Heterogeneity

Several studies have demonstrated the importance of spatial heterogeneity for
the continued survival of the population (Rolf 1974; Lomniki 1980; Hastings
1982; Vance 1984) and for the maintenance of abundance (Myers 1976; Taylor
& Taylor 1977, Hanski 1982, 1985). The continuous systems of interactive
species, i.e. predator/prey, host/parasite or competitors can also depend, to a
large extent, on habitat spatial heterogeneity (Levin 1974; Comins & Noble
1985; Holt 1985, Chesson & Murdoch 1986). The import role of spatial
patchiness in maintaining the overall population 1s that, at any particular
time, patches which have suffered a local population decline or extinction can
be recolonised by dispersing individuals from nearby patches which have not
suffered a decline or extinction. If we assume that the factors causing a local

decline or extinction do not affect all patches in the same way at the same
time, then there will always be patches containing colonisers and therefore,

long-term, the probability of the survival of the population will be enhanced.
Models that include spatial patchiness do so by assuming that either (1) all
dispersing individuals have equal access to all habitat patches or, (2)
dispersing individuals from each habitat patch distribute themselves equally
among all neighbouring patches (Fahrig & Paloheimo 1988).

The maintenance of a patchy distribution is dependent upon the continued
existence of dispersal corridors connecting the various patches (Fahrig &
Paloheimo 1988). Should these corridors become hindered by (for example)
human activity, then over time, the spatial relationships among patches may
cease to be obvious. The past patterns of dispersal among patches will still be
evident though in the genetic profiles of those patches. Theoretically, genetic




differentiation over short distances in the absence of gene flow, or in the

presence of restricted gene flow, will occur as a result of localised genetic

drift. Genetic drift, localised or otherwise, encompasses several sources of
variation including;

(1) founder effect; in which the founders provide only a limited range of the
total genetic variability available.

(2) Parametric variation; caused by differences among loci in mutation rates
(Slatkin & Arter, 1991).

(3) Stochastic effects; demographic stochasticity and random effects of the
environment.

(4) Sampling effects. Sampling of course has no relationship with any genetic
process but the interpreted frequency of an allele, and thus our assessment
of a genetic parameter, will ultimately be based on the method of
sampling.

Commonly a species will be found to be distributed over a large area
containing many populations, the population dynamics of which will be
interactive (Ballou 1991, Foose 1991). One of the commonest causes of the
creation of a metapopulation is habitat fragmentation. The resultant non-
uniform spatial distribution is composed of habitable patches with
intervening regions that are of poorer quality (Gilpin 1987). The dynamics of
metapopulations depend to a large extent on the rate of extinction and re-
colonisation between patches, the probability of extinction in a single patch
being inversely proportional to the carrying capacity of that patch - all other
parameters being equal (Gilpin 1987). A reduction in patch area will increase
its populations vulnerability to environmental catastrophes and lead to a loss
of genetic diversity due to a (probable) increase in inbreeding or drift.
Another consideration of reduced patch size is the area to boundary ratio; the
smaller the patch the proportionally larger the boundary. A reduced
boundary can give rise to two categories of ‘edge’ etfects, (1) a deterioration
of habitat quality near the boundary and (2) the expulsion of individuals into
unsuitable regions where they may fail to reproduce or perish prior to
attaining another suitable habitat. The minimum patch size on which a
population can continue to survive - the critical patch size - is determined as a
function of the dispersal rate of individuals into unsuitable areas (Lande

1988).
There are many different patterns to metapopulation structure. For example,

in some species the population structure consists of a core area with
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peripheral isolates, whilst in others the structure may consist of small clusters
of more-or-less equal status. An example of the first structure may be seen in
the grizzly bear (Ursus arctos) populations of North America. The core area is
Glacier National Park and the surrounding area whilst peripheral isolates
reside in the Cabinet-Yaak region of Idaho and in the Yellowstone ecosystem
(Shaffer 1981, Gilpin 1987). A good example of the second structure
mentioned above is the northern spotted owl (Strix caurina occidentalis) of
North America. The total population of this species was estimated to be 2,500
breeding pairs; an effective population of 500 breeding pairs was considered
to be appropriate to maintain sufficient genetic diversity for the population to
be able to adapt to environmental change. Consequently protection for 500
pairs was afforded, but subsequent logging of unprotected areas produced a
fragmented habitat in which suitable regions for the owl were too sparsely
distributed to support the population (Lande 1988), with the concomitant
formation of regional isolates (Gilpin 1987).

The probability of migration between patches is considered (as a first
approximation) to decrease exponentially with distance between the patches.
It follows from this that decreasing distance between patches may be
expected to increase the long-term survival of the metapopulation by
enhancing migration. However, the opportunity to migrate does not
necessarilly mean that migration will occur or that breeding will occur
between migrants. The importance of this can be seen in the example of the
grizzly bear, mentioned above. Isolation of the Yellowstone sub-population
has led to inbreeding and the associated loss of fitness (Shaffer 1981).

1-7 The Effects of Population Structure
The amount of gene flow between populations will affect genetic structure

and is therefore an important parameter in coming to an understanding of the
genetic diversity and continuing genetic evolution of populations. Slatkin
(1987) has identified two different groups of methods for estimating gene
flow in populations. The first group of methods directly estimate gene flow
by an analysis of dispersal and either effective population size or
neighbourhood size. The second group of methods indirectly estimate gene
flow by analysing the geographic distribution of allele frequencies. However,
direct estimates describe current levels of gene flow whilst indirect estimates
represent different levels of gene flow over time and must therefore include
past events which could have altered the distribution of allele frequencies.
Indirect estimates of gene flow must therefore be interpreted bearing in mind
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the stochastic events which will have affected the development of the
population and led to its status at the time of sampling.

A mathematical model of genetic differentiation of populations was first
proposed by Wright (1931, 1943, 1951, 1965, 1969), in which he examined the
situation of a founder population split into a large number (theoretically
infinite) of isolated populations. Within the confines of this model there is no
migration and random mating occurs within populations.

Any deviation from Hardy-Weinberg proportions within these isolated
populations may be measured by a single parameter (F), the fixation index,
which can be positive, zero or negative. Selection may increase or decrease
the F value; if heterozygotes have a lower fitness than both homozygotes then
F will become positive. If the converse is true, F will become negative.
However, a negative F does not necessarily mean that there is a heterozygous
advantage (Lewontin & Cockerham, 1959). Inbreeding increases the
frequency of homozygotes and, in the absence of other factors, F will always
be positive. Assortive mating has a similar effect to inbreeding in that the
frequency of homozygotes increase, (and therefore F will be positive) but the
effect is limited to only those loci concerned with the character trait(s) with
which assortive mating occurs (Karlin 1969, Wright 1969).

1-8 Subdivision of Populations
It 1s often very difficult to be certain of the breeding structure in divided
natural populations. Even if Hardy-Weinberg equilibrium is maintained in

each sub-population the overall genotype frequency of the entire population
may deviate. In this case F would be 1 when populations are fixed for

different alleles and equal to 0 when there is no subdivision. Wright
measured the deviation of genotype frequencies in a subdivided population

in terms of three parameters; Fis , Fir and Fsr.
In Wright's terms Fis describes the relationship between two gametes relative

to the sub-population and Fir the same relationship relative to the total
population. Fstis the correlation between two gametes drawn at random
from each sub-population and estimates the degree of genetic differentiation
of the sub-populations. These parameters are related by:-
1-Fr=(1-Fg) / (1-Fsy).

Ralls, et al (1986), however have suggested caution in interpreting F, or any
estimator of F because “F must be defined with respect to some reference generation
or population (or both) and thus is a relative rather than an absolute measure”. The
values of F will also be influenced by many factors such as; assortive mating,

\
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family groups or groups of siblings in the sample, differences in allele
frequency between parents, selection acting on animals before the sample is
taken and sex-biased dispersal. As Jacquard (1974) mentions, “An inbreeding

coefficient cannot be regarded as an estimate of any real quantity”.

19 Natural Genetic Variation in Feral Populations

In most natural populations genetic variation exists in the form of multiple
alleles at a locus. By the very nature of this variation, it is commonly not
apparent at the level of the phenotype. To be able to quantify this variation in
relation to population differences it is necessary to have some convenient
metric of variation that can be universally applied. Most commonly a
measure of heterozygosity is employed. Heterozygosity may be defined as
the presence of two different alleles at a particular locus in a diploid
individual, and provides a measure of the genetic variation either in a
population (the frequency of individuals heterozygous at a locus) or in an
individual (the proportion of loci that are heterozygous) (Mitton & Pierce
1980). There are however some serious difficulties with the concept of
heterozygosity as generally applied to individual and population studies.
Individual heterozygosity of the entire genome is effectively impossible to
measure. The genome of Drosophila contains approximately 5,000 genes,
whilst the human genome is estimated to contain some 50,000 genes (Mitton
1993). Electrophoretic and molecular genetic surveys may examine only a
very small percentage of the genome. A study of 50 genes would be a major
undertaking but would only investigate a random 1% or 0-1% respectively of
the genomes of Drosophila or man. From data such as these an adequate
estimate of individual heterozygosity across the entire genome cannot
reasonably be made (Mitton & Pierce 1980, Chakraborty 1981). This problem
can be overcome to some extent by the application of appropriate sampling
procedures and statistical analysis.

Archie (1985) has provided a theoretical study that claimed that data from a
few individuals (n < 25) but many loci (»40) are required to assess low
heterozygosity. But rather than sampling loci independently for detailed
heterozygosity estimates, most population studies are generally concerned
with detecting polymorphism at particular loci.

Sjogren and Wyoni (1992) have suggested that few authors (viz. O’Brien et al
1983, Lesica et al 1988) have considered their sampling procedures on the very
low levels of electrophoretic variation they found, and present a mathematical
model that demonstrates that the effect of sample size in detecting genetic

\
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variation may have been underrated. The model showed that small samples
ylelded a significant risk of scoring monomorphism in polymorphic
populations.

The above notwithstanding, a positive correlation between various aspects of
fitness and heterozygosity has been shown to exist; for example, a positive

correlation between heterozygosity and fecundity in Drosophila (Serradilla &
Ayala 1983), between heterozygosity and adaptation to various temperature

regimes in killifish, Fundulus heteroclitus (Mitton & Koehn 1975), and between
heterozygosity and both the lactate dehydrogenase (LDH) and
phosphoglucose isomerase (PGI) loci and survival during starvation in
atlantic cod, Gadus morhua (Mork & Sundnes 1985).

1-10 Population Bottlenecks, Founder Effect and Genetic Drift

Population bottlenecks occur when a population is drastically reduced in
number to near extinction. The effect of a population bottleneck can be to
severely reduce the genetic variation available for succeeding generations. A
bottleneck can result from several causes such as; disease or environmental
catastrophes, a reduction in range leading to the creation of isolated
peripheral populations or founding events. A founder event occurs when a
single individual or a very limited number of individuals originate a new
i1solated population. The founder(s) may represent a small sample of the
original gene pool to which they belonged. Natural selection acting on the
restricted sample of variation yields gene combinations that are different from
those in the ancestral population. Within a small 1solated population the
random sampling of gametes will give rise to chance fluctuations in allele
frequencies and consequential genetic drift (Hartl & Clark 1989). Genetic drift
refers to random changes in allele frequency due to sampling variation of
gametes from generation to generation. Genetic drift, which may be
particularly rapid following a bottleneck event, will lead to fixation of some
alleles in small populations, although not all genes or alleles may be equally
affected. Carson (1975), from his work on Hawaiian Drosophila (Carson 1968),
has suggested that, for the purpose of understanding the effects of population
bottlenecks, founder effect and genetic drift, the genome can be divided into
two parts. A ‘closed’ part that probably provides regulatory functions and
thus is highly co-adapted and balanced, and an ‘open’ part that is relatively
free of epistatic interactions and able to vary without having a major effect on
the phenotype. This of course only applies to those genotypes that have a

sufficient survival value.
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When multiple alleles are present in a population, founder events and/or
bottleneck events, particularly those of short duration, often have a greater

etfect on the number of alleles than on the level of heterozygosity (Allendort
1986). Rare alleles, advantageous and disadvantageous, are especially
susceptable to loss. Allendorf (1986) has calculated that an allele at a

frequency of 0-01 has a 60% chance of being lost following a bottleneck of 25
Individuals.

Species that are undergoing a bottleneck event are especially susceptible, at
least until their number increases. The Florida panther (Felis concolor coryi)
exists as a small relic sub-population of approximately 30 individuals in
southern Florida (Roelke et al 1993). The recent drastic reduction in
population size coupled with the occurrence of aberrant morphological
teatures (Barone et al 1993, Roelke et al 1993), the presence of a single mtDNA
haplotype (O’'Brien et al 1990) and the presence of physiological and
endocrine impairments that have led to the loss of reproductive success
(Barone et al 1993) are all factors consistent with the occurrence of one or more
bottlenecks events followed by inbreeding (Maher 1990, O’Brien et al 1990). It
has been estimated that this subspecies will go to extinction within 25-40
years (Seal & Lacy 1989).

Species which have increased their numbers after a bottleneck event will
continue to have high levels of homozygosity and may have associated fitness
problems. There are several well known examples of species surviving
natural bottleneck events, for example; those of the elephant seals (Bonnell
and Selander 1974), the Scandinavian moose (Ryman et al 1977) the polar bear
(Allendorf et al 1979), the cheetah (O'Brien et al 1983), the California Channel
Island fox (Gilbert et al 1990), the lions of the Gir Forest of western India
(Wildt et al 1987) and the lions of the Ngorongoro Crater (Packer et al 1991b).
Bonnell and Selander (1974) found no variation at 24 loci in the northern
elephant seal (Mirounga angustirostris) and attributed the high level of
monomorphism to a decimation of the population by 19th century hunters.
The estimated 20 individuals that survived this onslaught have expanded to a
present-day population estimated to be in the region of 30,000. A similar
situation exists in the Scandinavian moose (Alces alces), 22 out of the 23 loci
examined were found to be monomorphic, indicating a bottleneck event that
may have lasted for 5 - 10 generations (Ryman et al 1977). Allendorf et al
(1979) failed to uncover any variation at thirteen loci examined from polar
bears (Thalarcticus maritimus), but made no comment on the historical
occurrence of a bottleneck event. O’'Brien et al (1983) found a total absence of
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genetic polymorphism at 47 allozyme loci in south African cheetahs (Acinonxy
jubatus), this coupled with severe juvenile mortality (circa 70%), low sperm

counts, a high incidence of sperm abnormality and the ability to tolerate
reciprocal skin grafts between unrelated individuals, would be seen to

Indicate a severe population bottleneck followed by inbreeding (O’Brien et al
1985).

Using genetic fingerprinting, Gilbert et al (1990) found a high level of
homozygosity within island populations of the California Channel Island fox
(Urocyon littoralis). This low level to complete absence of minisatellite
variability was attributed to founder effect and isolation coupled with, in one
case, predation.

However, monomorphism at many loci need not be confined to natural
populations that have suffered a bottleneck event. Heterozygosity in the
Yellowstone Park elk (Cervus canadensis) was found to be not significantly
different from that of elephant seals, Scandinavian moose or polar bears
(Cameron & Vyse 1978). Yet the elk has probably not experienced a serious
bottleneck in the recent past. Houston (1974) has estimated that herd size was
in the thousands at the ime when other game animals were being decimated
across western North America. Cameron and Vyse (1978) questioned whether
the low levels of genetic variation found in the elk were due to an adaptive
genetic strategy or stochastic interaction between neutral mutations and

genetic drift.
Nei et al (1975) have shown that bottlenecks can produce surprisingly little

short term reduction in heterozygosity. For example, a sample of two
individuals drawn from a randomly mating population should contain 75%

of the heterozygosity found in the parent population and a sample of ten
should contain 95% of the parent population variation. Nei’s argument can
lead to the conclusion that present day low levels of genetic variation found
in the elephant seal, elk, moose and polar bear may not have been generated
by bottleneck events but by population subdivision or inbreeding of long
duration (Cameron & Vyse 1978).

The theory of neutral genetic variation (Kimura & Ohta 1978) predicts that
heterozygosity will be a function of the mutation rate per cistron per
generation and the effective population size. If the mutation rate is assumed
to be comparable between homologous sets of loci for different species, the
differences in the heterozygosity among species will reflect current and
historical differences in population size and structure. Severe reduction in
population number can drastically reduce heterozygosity, the subsequent
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recovery of which depends on the bottleneck size and the rate of population
Increase (Haigh & Maynard-Smith 1972, Nei et al 1975, Nei & Li 1976).

A population which has been reduced in number by some external influence
such as human interference is unlikely to recover until the source of
interference has been removed. The U. K. population of Reeves’ muntjac has
been fortunate in not suffering a debilitating bottleneck event and the
concomitant reduced genetic variation. Instead, a small group of founders
(from unknown backgrounds) have expanded rapidly due to the availability
of suitable habitat, lack of competition and lack of predation. Similar
successful introduction into the U. K. are those of the Chinese water deer,
Hydropotes inermis (Putman 1988), and sika deer, Cervus nippon (Ratcliffe
1991).

111 Inbreeding

Inbreeding has been used to define any mating system from ‘mating between
related individuals’ (Hartl & Clark 1989) to mating between relatives ‘that
share a greater common ancestry than if they had been drawn at random
from an entire species’ (Ralls et al 1986). The latter definition seems to be
rather general since most populations could then be described as inbreeding.
Clearly, the term ‘inbreeding’ has to be used to define a continuum of mating
strategies which will then need quantification, which in turn will only be

relevant to the species under study.
Here I use the term ‘inbreeding’ to refer to matings between closely related

individuals, the primary effect of which is to cause allele frequencies to depart
from Hardy-Weinberg expectations in the direction of homozygous excess.
The population allele frequencies are not necessarily changed (in the absence
of any selection pressure), only the relationships of alleles within a genotype
are altered. If natural selection 1s operating, as is usually the case, then the
resultant inbreeding depression can have profound effects on the viability of
the population in which it is occurring, as well as on the course of evolution.
Falconer (1981) has estimated that there is often a five to ten percent reduction
in fitness (as a percentage of the non-inbred fitness) for each 10% increase in
the inbreeding coefficient. This value is an average taken from comparisons of
inbreeding coefficients and fitness reductions in a variety of plants and
animals.

Although few data are available from natural populations, studies of captive
populations and laboratory animals constantly confirm the magnitude of the

\
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etfects of inbreeding (Ralls & Ballou 1983). Packer (1979) has listed three
reasons why inbreeding depression should be expected to occur. First
increasing homozygosity increases the chances of a detrimental recessive being
expressed.” Second, ‘the heterozygote may be sometimes be fitter than either
homozygote’. Third, ‘an increase in homozygosity decreases the variability between
offspring, with the effect that the chance of any one of an individual’s progeny
surviving a sudden environmental change may be reduced’ (Williams 1966).

The occurrence of deleterious recessive mutations is a natural consequence of
the evolutionary processes and can give rise to the genotypic (and hence
phenotypic) variation necessary for adaptation. Because these rare recessive
alleles can remain unexpressed in heterozygous individuals, inbreeding can
have the effect of exposing these deleterious alleles to selection and thus
raising the probability that they will be removed from the gene pool, or at
least their incidence will be reduced.

Deleterious recessive mutations are rarely found at high frequencies in
natural populations but, as a result of inbreeding and the consequent
reduction in heterozygosity, may become common. The reduction in
heterozygosity following inbreeding is accompanied by many congenital
abnormalities in man (Cavalli-Sforza & Bodmer 1971, Seemanova 1971, May
1979 [but see Bittles (1979) for a criticism of these works]). Increased juvenile
mortality and a reduction in fecundity in laboratory animal strains (Falconer
1981) and in captive populations (Ralls et al 1979, Ralls & Ballou, 1982a, b,
Ballou & Ralls 1982, O’'Brien et al 1985) have been reported. A high level of
heterozygosity is positively associated with fecundity (Smith et al 1975), body
size (Koehn et al 1973, Garten 1976, Cothran 1983), growth rate (Singh &
Zouros 1978, Zouros et al 1980, Pierce & Mitton 1982, Ledig et al 1983, Cothran
et al 1983) and in some cases, social dominance (Baker & Fox 1978). Despite
reports of the levels of inbreeding depression in humans, work on a large
sample of the Hindu, Christian and Muslim populations of Southern India
has failed to detect any deleterious consequences of uncle/niece and first
cousin marriages (Devi & Rao 1981). Within these religious groups 28-8%,
14-1% and 21:7% respectively of marriages are consanguineous (Ralls et al
1986).

Domestic animals can probably tolerate inbreeding to a greater extent than
feral animals or recently captive populations because deleterious alleles will
have been removed by mortality and selective breeding. However, during the
early phases of domestication or selective breeding high juvenile mortality
and reduced fertility can be major problems. A well known example of this 1s
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the short-horn breed of cattle, the history of which is known back to the
period when the breed was founded (Wallace 1923). Of practical relevance is
the pedigree of the ‘Duchess’ strain of which, according to Wallace (1923), 24
of the 58 females bred up to the time of the breeder’s death (Thomas Bates)
had failed to conceive, and the remaining 34 only produced 110 calves during
their lifetimes. This low fecundity contributed greatly to the line’s extinction
(Wright 1923).

It has been suggested by Baker and Marler (1980) that interpretation of the
results of studies on the effects of inbreeding should consider the origin of the
founding population since many vertebrates may naturally inbreed to a
limited extent. Such species that tend to inbreed naturally in the wild would
show less deleterious effects when subjected to inbreeding in captivity or in

small isolated populations. Very little is known about the breeding structure
of Reeves’ muntjac (re: section 1-3) but they are thought to be polygynous
(Chapman et al 1993). Bengtsson (1978) and Smith (1979) have suggested that
father/daughter matings should occur in polygynous species if the
advantages of having a greater proportion of one’s genes represented in the
offspring are greater than the costs due to inbreeding. Those offspring that
survive any deleterious effects of inbreeding (commonly reduced fecundity
and juvenile mortality) will, by their very existence be ‘fitter and more likely
to pass their genetic survival traits to future generations.

Ralls et al (1979) and Ballou and Ralls (1982) have presented the only
investigations to date on the effects of inbreeding in a captive group of
Reeve’s muntjac. In summary they found (from zoo and collection records)
that the juvenile mortality rate (JMR) in inbred offspring (33:3%) was almost
double that of the outbred offspring (18:2%) (n = 40). Due to a lack of data,
JMRs between outbred and inbred does could not be completed, but it was
found that the JMR for outbred does producing inbred offspring was greater

(40%) than for those producing outbred offspring (10%). In their study Ballou
and Ralls (1982) considered factors that could confound the results, for

example, birth season, birth order, management changes, population density,
differences between captive-born and wild-caught, between inbred and non-
inbred does and between primiparous does and multiparous does. None of
these factors were found to account for the higher mortality rates of inbred

offspring.
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1:12 Previous Work on Reeves’ Muntjac

The breeding habitat of muntjac deer in England is not uniformly distributed
over space but occurs in discrete patches bounded by barriers that are
generally of human origin (Chapman 1991a). These barriers - which are
Inhibitory rather than insurmountable - are formed by regions of human
settlement, agriculture and associated infrastructure. The muntjac population
i1s therefore considered as being divided into numerous sub-populations that
are interconnected to varying degrees as a result of dispersal among habitat
patches.

The distribution of Muntiacus reevesi may be considered as a metapopulation
(a group of conspecific populations) consisting of a densely populated core in
the Bedfordshire region and many small populations of varying density
covering outlying regions in much of the south of England. Such a system
may have the effect of enhancing long-term survival as patch populations
may accumulate more genetic variance than would exist in a homogenous
population of the same size. As a matter of random chance, sub-populations
will tend to towards fixation for different alleles through genetic drift,
founder effect and possibly because of different selection pressures. This of
course will be balanced by the aggregation of deleterious alleles that could
accumulate by the same mechanisms. The assessment of genetic differences
between muntjac sub-populations is an important aspect of an investigation
into the successful expansion of this species in the U. K.

Much work has been done on common indigenous U. K. species such as roe
deer, Capreolus capreolus (Chaplin 1977b, Loudon 1987, Wermer 1987) and red
deer, Cervus elaphus (Wermer 1987, Pemberton et al 1992) but relatively little
has been done on the ecology and demography of Reeves’ muntjac. Early
reports on habitat choice and social organisation (Dansie 1970, Chaplin 1977b)
were not always conclusive and only recently has karyological and
morphometric work (Chapman & Chapman 1982, Chapman et al 1983)
established the taxonomic status of the U. K. population.

Recent work, particularly on the King’s forest population, has provided
information on muntjac resource utilisation (Chapman et al 1985), social
organisation and activity (Chapman et al 1993), ranging behaviour (Chapman
et al 1993) and reproductive strategies (Chapman et al 1984, Chapman &
Harris 1991, Chapman 1991b). The distribution and history of Reeves’
muntjac has been closely documented by the Bedfordshire Natural History
Association due to their interest in the animal, which 1s their emblem

(Anderson & Cham 1987).
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Many cytogenetic and genetic studies have been undertaken which have
iInvolved Reeves’ muntjac in contributions to understanding chromosome
evolution and gross structure in muntjac. The chromosome set of the Indian
muntjac, Muntiacus muntjak vaginalis, (female 2n = 6, male 2n = 7) may have
evolved from small acrocentric chromosomes such as those found in the
complement of the Chinese muntjac, Muntiacus reevesi (2n = 46) by a series of
tandem fusions and other rearrangements (Lee et al 1993). The origins of the
unusually low chromosome number, for a mammal, found in the Indian
muntjac has been the subject of much research (Schmidtke et al 1981, Johnston
et al 1981, Lima-de-Faria et al 1984, Yu et al 1986, Scherthan 1990, Lee et al 1993
[plus many others]). The Indian muntjac and the Chinese muntjac are a
species pair that show striking morphological similarity but extreme
karyological differences. It has been suggested (Lee et al 1993) that the Indian
species may have arisen from Chinese muntjac-like ancestors.

To date only one investigation has been made into muntjac population
structure using molecular genetic techniques (Riegstra 1993). Other studies
have been made at the taxonomic level (Wurster & Benirschike 1967,
Chapman & Chapman 1982) and at the level of protein electrophoresis.
Maughan and Williams (1967) detected differences in the electrophoretic
mobility and separation of haemoglobin between Reeves’ muntjac and the
Chinese muntjac, and suggested that this difference could be taxonomically
diagnostic. The only other investigation into the genetic variability of Reeves
muntjac used inbreeding coefficients based on pedigree records (Ballou &

Ralls 1982).

1-13 Organisation of the Thesis
The main body of this thesis is arranged in three main sections, one for each

molecular genetic technique. These three main chapters (Chapters 3, 4 and 5)
are each constructed as complete entities, that is, each chapter begins with a
literature review which is followed by a methods section, then results, and
finally a discussion. These chapters are preceded by a general introduction
and proceeded by a general discussion. I decided on this format because I feel
that the differences between the techniques and interpretation of results
warrant separate consideration. Chapter 6, the general discussion, brings

together the three separate sets of results.
Since the completion of the practical aspects and most of the written part of

this thesis, new information has come to light regarding the origins of some of
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the U. K. sub-populations. This work has been published by Chapman et al
(1994) and will be briefly discussed in relation to this thesis in Chapter 6.
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Chapter 2

SITE SELECTION, SAMPLE COLLECTION AND
PREPARATION

2-1 Selection of Sampling Sites

The sample collection was organised by S. Harris and N. Chapman. The
sites were chosen in consultation with S. Harris on two criteria, (1) the
anticipated availability of samples and (2) the location with regard to
Woburn Abbey, Bedfordshire - the putative origin of the muntjac
population in England. The minimum number of samples required from
each site was set at 18, mainly because this is the maximum number of
individuals that can be run on one fingerprint gel, along with two
tlanking molecular weight markers. As the samples were coming
primarily from animals being killed for sport, the number collected was,
however, somewhat variable.

Eighteen sampling sites, arranged in three concentric circles around
Woburn were chosen (Figure 2:1) to reflect successively established
populations as determined by historical records of sightings (Lever, 1977).

Kf Eus

Tu

Hex

Elg

Figure 2-1 The arrangement of sampling sites centred on Woburn Abbey
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It is anticipated that if the muntjac had radiated from Woburn, then a
pattern to the loss of variability, with a loss of alleles which were rarest in
the founding population followed by a reduction in heterozygosity, would
be observed. The loss of alleles should follow a process of successive
random subsampling of the allelic variability in the preceding (source)
population as predicted by a ‘stepping stone’ colonisation model involving
a process of sequential founding events (Maynard Smith 1989; Hanski
1991).

We were also able to obtain 31 samples from Taiwan (one putative source
of the U.K. population), although six of these were too degraded to be of
use. Figure 2-2 is a general map of the sampling sites. Table 2-1 is a list of
the sample sites and the number of individuals taken. A complete list may
be found in Appendix A.

Number of
Population Grid Ref. samples
o} Q ?

3 2 S
18
25
14
WOBURN ABBEY  (Wob)
HARRY 'S PARK (Hpk)
13 |
30
14
20
17
22
HEXTON Hex)
qiNG'S FOREST _ (kf) | T 81 |20 12 3 | 35
EUSTON  (Eus) | TL 9-7- |18 7 | 25
Aty (mwm) 1 - 1o 11 3

Table 21 Sample Sites and Numbers of Individuals Collected
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Waveriey
Tusmore Park
Southblock
Saicey Forest
Wobum Abbey
Harry's Park
Bowden Park
tling Common
Wormsiey Estate
10 Oid Warden

11 Northil

12 Minsbury Hill

13 Brocket Park

14 Knebworth

15 Hexton Estate
16 Buntingford
17 King's Forest

. 0 Miles 100

Figure 2:2 Sampling Sites
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2:2 Tissue Collection and Storage

Three types of tissue were available, blood, ear notches from ear tagging,
and tongue. The blood was collected in 5ml vials containing ACD buffer
(citric acid : sodium citrate : glucose), the ear notches were stored in small
vials and the tongue was collected in small containers. All were delivered
to Bristol University and there stored at -70 C. Upon arrival at the
Institute of Zoology the blood and ear notches were placed in storage at
-70°C whilst the tissue was placed in the -20°C freezer prior to cutting into
appropriate sized pieces, placing in screw capped micro centrifuge tubes
and storing at -70°C. The tissues samples (tongue) were collected by
hunters either during the course of their recreation or as part of a culling
program. The majority of samples collected during the first part of this
investigation were found to yield DNA that was too degraded to be of
adequate quality for fingerprinting. This was probably due to the time
interval between killing the animal, removing a portion of the tongue
and posting it to the Department of Zoology at the University of Bristol,

\

25



where it was placed in cold storage. The tissue samples were then packed
In dry ice and sent to the Institute of Zoology 1n London. During the
second stage of the investigation, 20ml scintillation counter vials
(Gallenkamp) containing 10ml of DMSO solution (20% Dimethyl
Sulphoxide, 0:25M EDTA, saturated with Sodium Chloride; pH8:0.) were
sent to the collectors with instructions to place the cut up tissue samples in
them as soon as the animal had been killed. The samples collected in this

way were put into cold storage (-20°C) upon arrival at the Institute of
Zoology and provided DNA of sufficient quality to allow fingerprinting.

2:3 DNA Extraction and Purification

1) From Tongue Samples and Ear Notches.

The method followed is essentially that of Bruford et al (1992). Between
200mg and 300mg of tissue was taken for DNA extraction. Initially the
tissue was macerated in liquid nitrogen but later this was found not to be
necessary as adequate yields were obtained by mincing the tissue with a
scalpel by cutting and shearing against the sharpened edge of a scissor
blade. The macerated tissue was placed in an 11ml polythene extraction
tube containing 4 ml of lysis buffer (100 mM NacCl, 50 mM Tris-HCl, 5 mM
EDTA, pH 7:8). 200ul of 10% Sodium Lauryl Sulphate solution (SLS) was
added to give a final concentration of 0-5%, followed by 20ul of 20mg/ml
proteinase K (NBL). The extraction was incubated overnight at 56°C on an
orbital shaker. Prior to purification a further 10ul of proteinase K solution
was added and incubation allowed to continue for another hour. Total
genomic DNA was purified by extraction once with an equal volume of
phenol (USB; equilibrated to pH 28-0), twice with equal volumes of phenol
. chloroform : isoamyl-alcohol (25:24:1) and once with an equal volume of
chloroform : isoamyl-alcohol (24:1), followed by precipitation by the
addition of 2:5 volumes of absolute ethanol. There followed two washes in
70% ethanol prior to drying in a rotary vacuum drier set on medium heat.
The pellet of DNA was resuspended overnight at room temperature in
500ul of TE (10 mM Tris-HCl, ImM EDTA; pH 7-5) prior to assay in a
Beckman DU-65 U.V. spectrophotometer. DNA concentration was
measured using ultraviolet absorbance spectrophotometry at 260 nm and
280 nm. At a wavelength of 260 nm an absorbance (Ayo) of 1-0 corresponds
to 50 pg of double-stranded DNA per ml (Brown 1990). Ay and the ratio
of A-co/ Aso Was used to give an indication of purity. If this ratio was less
than 1-7 the purification procedure was repeated. To assess the purity and
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quality (i.e. level of degradation) ca 500ng was run on a 1% TBE agarose gel
(90mM Tris-borate, 90mM boric acid, ImM EDTA, 1% agarose (Sigma type
l1)) for 60 minutes at 5V/cm, stained with ethidium bromide (0-5ug/ml in
0-5x TBE) and viewed under long wave ultra violet light. 500ng of native
ADNA (BRL, supplied at ca 500ug/ml) was also included in an adjacent
lane as a standard. The DNA was stored at 4°C.

11) From Blood Samples.

Five millilitres of blood/buffer solution was diluted with an equal
volume of phosphate buffered saline (0-13 M NaCl, 27 mM KCIl, 10 mM
Na;HPOy, 1-4mM KH,PO, pH 7-2) and centrifuged for 15 minutes at room
temperature at 4000rpm in a Beckman GPR benchtop centrifuge with a
swing-out rotor. The supernatant was discarded and the pellet
resuspended in 2ml of extraction buffer (10 mM Tris-HCl; 0-1mM EDTA;
0:5% SLS, 10ul of ribonuclease A (RNase A) from 10mg/ml stock solution
(NBL)). 200ug of Proteinase K was added and the extraction incubated
overnight at 56°C on an orbital shaker. Purification was as above.

iii) Rapid Method of DNA Extraction from Tissue and Blood.
This method is based on that of McCabe (1990) for extraction of DNA from

bacterial colonies. Approximately Imm?* of tissue was taken either from
the -70°C store or from DMSQO, added to 200ul of extraction butter (20 mM
Tris-HCl; 2 mM EDTA pH7-5-8'5; 1% Triton X-100) and incubated at 95°C
for 10 minutes. The cell debris was spun down at in a bench-top centrifuge
(13000rpm/10min/room temp.). Dilutions were made of 1:50 and 1:100
and 2ul of these dilutions plus 2pl of the undiluted stock were taken for

use in the Polymerase Chain Reaction.

27



Chapter 3

MULTILOCUS DNA FINGERPRINTING AS A TOOL FOR
INVESTIGATING POPULATION DIFFERENTIATION AND
GENETIC STRUCTURE IN FERAL MUNTJAC DEER.

3:1 Introduction

Until the late 1970s the majority of genetic investigations at the molecular
level were limited to polymorphisms detected serologically or by gel
electrophoresis. With the development of Southern blotting (Southern 1975)
and DNA cloning it became feasible to investigate genetic variability at the
level of genomic DNA by analysis of restriction fragment length
polymorphisms (RFLP) (Jeffreys et al 1986[a]). The gain or loss of a single
restriction endonuclease cleavage site produces dimorphisms whose
information value is limited by their low heterozygosity. For any particular
diallelic marker the maximum frequency of heterozygotes obtainable in a
population (in the absence of selection) is 50% (Jeffreys et al 1986[a]).
Nevertheless, these polymorphisms can be of considerable value, for
example, variation in the human B-globin gene cluster provided useful
codominant markers (Jeffreys 1979). The value of RFLPs as genetic markers
has also been found in the construction of linkage maps.

Genetic analysis was simplified considerably with the fortuitous discovery by
Wyman and White (1980) of a random human DN A segment which defined a
multiallelic locus - the first demonstration that hypervariable regions existed
in human DNA. Subsequently, and again by chance, several other
hypervariable regions were discovered near the human insulin gene (Bell et al
1982), a-related globin genes (Higgs et al 1981, Proudfoot et al 1982,
Goodbourne et al 1983) and the c-Ha-ras-1 oncogene (Capon et al 1983). In
each case the variable region consisted of tandem repeats of a short sequence
or ‘minisatellite’ and polymorphisms resulted from allelic differences in the
number of repeats. Jeffreys et al (1979) described a short minisatellite
consisting of four tandem repeats of a 33 base-pair sequence in an intron of
the human myoglobin gene. In subsequent papers (Jeffreys et al 1985a, b)
showed that this myoglobin 33bp repeat, and other similar repeat sequences,
could be used to detect hypervariable minisatellite DNA 1n humans and to
produce somatically stable individual specific DNA “fingerprints’.
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Since this technique of DNA fingerprinting was first established in 1985
(Jeffreys et al 1985a, b) it has become Increasingly refined and widely used in
many areas of scientific endeavour. Minisatellite DNA probes of human
origin have been found to cross-hybridise to and reveal polymorphisms in a
wide variety of eukaryotic species including domestic and feral mammals
(Morton et al 1987 - dogs; Jeffreys & Morton 1987 - dogs and cats; Jeffreys et al
1987 - mice; Georges et al 1988 - cattle, horses, pigs, dogs; Laikre et al 1992 -
wolves; Pemberton et al 1992 - deer), birds (Georges et al 1988 - chickens;
Gibbs et al 1990 - red-winged blackbirds; Hillel et al 1989 - poultry; Brock &
White 1991 - parrot; Burke and Bruford 1987 - several species, Hanotte et al
1992 - gallinaceous birds:; Meng et al 1990 - swan), fish (Georges et al 1988 -
cyprinid fish; Baker et al 1992 - orange roughy), some invertebrates such as
corals and snails (Coffroth al 1992 - gorgonian coral, Jarne et al 1990, 1992 -
Bulinus), rice (Dallas 1988), angiosperms (Rogstad et al 1988 - Populus deltoides
(cottonwood) and P. tremulodies (aspen)) and yeast (Walmsley et al 1989).

This almost universal applicability of minisatellite probes has led to them
being used in many scientific fields as diverse as; authenticating cell lines (Fey
& Tobler 1991), forensic investigation (Gill et al 1987, Gill & Werrett 1987)
conservation genetics (Wayne et al 1991a, Greth et al 1992,) and fungal
taxonomy (Meyer et al 1991, 1992).

3-1a Organization of Minisatellite DNA

Minisatellite DNA consists of tandem arrays of short repeat units which are in
the order of 16-64 base-pairs (Avise 1994). Minor sequence variations may
exist among repeat units but, in terms of DNA fingerprinting, the most
important variation is that of the number of repeat units per tandem array.
Jeffreys et al (1985a, b) assessed variation in tandem arrays composed of
approximately 33 base pairs per repeat unit and found fragments ranging in
size from 200 to over 20,000 base pairs. Generally though, fragments below
2kb are not scored because of the difficulty in resolving individual bands, and
fragments above 20kb are uncommon. The conventional nomenclature of
tandem repeats is related to their overall size: satellites (hundreds of
kilobases), midisatellites (tens of kilobases), minisatellites (a few hundred
bases to tens of bases) and microsatellites (generally less than five bases). The
term ‘DNA fingerprinting” has become a generic term used to describe many
DNA based genetic profiling techniques. Here, the term will be used only in
conjunction with the genetic profiles generated from a class of moderately
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repetitive DNA sequences known as ‘minisatellite’ DNA (Jeffreys et al 1985a,
b).

Various models have been proposed for the origins and functions of tandem
repetitive DNA. Smith (1976) proposed that tandem repetitive DNA, whose
sequence was not maintained by natural selection, would arise as a result of
unequal crossing over if strand exchange in the recombinational process was
assumed to depend on sequence similarity. He justified this proposal by a
simulation of unequal cross-overs for two different rates of crossing over that
were high relative to the mutation rate. Recently though, tandemly repeated
non-coding DNA sequences have been localised to regions of the eukaryotic
genome that are associated with different levels of recombination (Stephan
1989). Jetfreys et al (1985a) presented a speculative model for the origins and
function of minisatellite DNA based on the similarity between the myoglobin
33bp repeat sequence and the chi sequence, a signal for generalised
recombination in E. coli. The core region in the minisatellites they cloned was
seen by Jeffreys et al to suggest that the sequence may help to generate
minisatellites by either promoting the initial tandem duplication of unique
sequence DNA, or by initiating unequal exchange and then amplifying the
duplication into a minisatellite. The model predicted that the core or core-like
sequence may be a ‘hotspot’ for human chromosome recombination (Jettreys

et al 1985b).

A model of sequence dependent unequal crossing over and gene
amplification has been simulated by Stephan (1989) to account for some of the
structural features of tandemly repeated DNA sequences. He demonstrated

that regions of DNA (the structure of which is not under selective constraints)
will show repetitive patterns over a wide range of recombination rates as a

result of the interaction of unequal crossing over and slippage replication,

both processes that depend on sequence similarity.
To date, the consensus of opinion seems to indicate that the increase and

decrease in the length of a particular array of tandem repeats arises from high
rates of unequal cross-over during meiosis. The speculation that minisatellite
DNA sequence provides ‘hotspots’ for recombination continues (Jarman &

Wells 1989).
Many pedigree analyses of humans (Jetfreys et al 1985¢c, 1986a) and other

animals (Gibbs et al 1990, Hillel et al 1990, Westneat 1990) have shown that
DNA fragments detected by minisatellite probes can be reliably used for

studying the segregation of multiple heterozygous DNA fragments, even in a
situation where one or the other parent 1s unavailable. Alleles at these

30




extremely polymorphic loci are inherited as codominant Mendelian traits
(Wong et al 1986) and such loci can be detected simultaneously by
minisatellite probes. For example, using the Jeffreys’ probes 33-15 and 33-6
upto 34 autosomal hypervariable loci are detected in humans (Jeffreys et al
1986a), between 20 and 32 loci can be detected in various avian species (Burke
and Bruford 1987, Westneat 1990) upto 40 loci (>2kb) in cetaceans (Amos &
Hoelzel 1990) and upto 35 in domestic dogs and 21 in domestic cats (] effreys
& Morton 1987). Even in a system modified to resolve bands greater than 4kb
(in a captive population of Guinea baboons) a mean of 26 bands per
Individual was scored (Bruford & Altmann 1993). The number of bands
scored depends on several factors, the two most important of which are (1)
the restriction enzyme/probe combination used (some restriction enzymes
produce more bands than others, see Georges et al 1988; Bruford & Altmann,
1993), and (2) the stringency of hybridisation and subsequent washes.

The Jeffreys’ probes 33-15 and 33-6, although commonly used are not the only
minisatellite probes available. The wild type of bacteriophage M13 has been
found to contain a sequence that detects hypervariable minisatellites in
animals (vertebrates and invertebrates), plant and micro-organisms (Vassart
et al 1987, Ryskov et al 1988, Ryder et al 1989). There have also been many
reports of DNA fingerprinting successfully accomplished with species
specific probes (Georges et al 1988, Gyllensten et al 1990) and synthesised
oligonucleotide probes of various design (e.g. Buitkamp ef al 1991a 1991b).

3-1b The Main Applications of DNA Fingerprinting Relative to this Thesis
DNA fingerprinting has become an important diagnostic technique in two
areas of scientific investigation, those that require individual identification,
(be it a plant, animal or cell line) and those where individual identification is
secondary to a measure of group relatedness. It has taken a place of unique
importance in the work of field biologists and behavioural ecologists not only
because of the ability of this technique to resolve previously unanswerable
questions about paternity, kinship, reproductive success and breeding
strategies (for review see Burke 1989), but also because it is sometimes
possible to resolve relatedness amongst populations with a greater accuracy
than was previously attainable. Small, or isolated populations such as those in
captivity or on islands often exhibit low levels of genetic variability. The large
number of polymorphisms generally uncovered by DNA fingerprinting are
therefore of great value in estimating the genetic structure of these
populations. Pedigree analysis has revealed that the bands in DNA
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fingerprint profiles segregate in the normal Mendelian fashion (Wong et al
1986). This simple Mendelian nature of inheritance allows the identification of
first order relatives (Jeffreys et al 1985¢, Odelberg et al 1988, Yokoi 1990), an
assessment of relatedness within family groups (Young 1990), and an
assessment of relatedness both within and between isolated populations
(Lehman et al 1992, Triggs et al 1992). This degree of certainty about
relationships has opened up a large area of research into mating strategies,

paternity and reproductive success (e.g. Gibbs et al 1990, Amos 1990,
Pemberton et al 1992, Amos et al 1993a, b)

3-1c Paternity Studies, Reproductive Success and Breeding Strategies

Ely and Ferrell (1990) assessed paternity in a group of captive chimpanzees
(Pan troglodytes). Even though band sharing was high among unrelated
individuals (0-48), in all 21 cases involving multiple potential sires, the true
sire was identified and other potential sires were excluded, with high
probability. In a similar study of Guinea baboons (Papio hamadryas), Bruford
& Altmann (1993) used multilocus DNA fingerprinting to determine
reproductive success among seven active males from a captive population of
65 individuals. However the high levels of band sharing found in this isolated
population - means of 0-84 for bands greater than 2 kb to 0-61 for bands
greater than 4 kb - hindered attempts to elucidate paternity in all except
(tentatively) four of the 33 offspring analysed.

The determination of the degree of genetic relatedness among individuals is
important for many behavioural studies (Hamilton 1964). This is of special
relevance in avian species where intraspecific brood parasitism (ISBP) and
extra-pair fertilisations (EPF, or extra-pair copulation - EPC) occur. Quinn et al
(1987), in study of the lesser snow goose (Anser caerulescens caerulescens) used
a DNA marker to confirm field observations that suggested this species
engaged in ISBP and EPF. Their study was one of the first to provide evidence
for mixed maternity and paternity in a socially monogamous species.
Westneat (1990) showed that 35% of offspring in indigo bunting (Passerina
cyanea) families resulted from extra-pair fertilisations. The application of
DNA fingerprinting in this study corroborated previous data from protein
electrophoresis and wing-length heritabilities that indicated that 27%-42% ot
bunting offspring came from extra-pair matings.

Polygamy in the form of extra-pair fertilisation has also been discovered - by
means of DNA fingerprinting - in many wild bird species such as the

dunnock, (Prunella modularis, Burke et al 1989), blue tit (Parus caeruleus,
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Kempenaers et al 1992), red-winged blackbird (Agelaius phoeniceus, Gibbs et al
1990), and the house sparrow (Passer domesticus, Wetton et al 1987). The
traditional measure of reproductive success is the number of young
successfully raised, and as individuals are generally expected to maximise
their reproductive success, these mating strategies of extra-pair fertilisation as
well as intraspecific brood parasitism will have a major effect on the costs and
benefits of parental care and on the intensity of sexual selection.

3-1d Kinship, Group Behaviour and Social Structure
Kinship and associated behaviours are areas of research that were previously
the domain of behavioural observations. The unravelling of complex social
groups that show extensive co-operative behaviour has only recently become
possible due to DNA fingerprinting. One of the best examples of work of this
nature is that of Packer et al (1991a) and Gilbert ef al (1991). African lions are
known to live in complex social groups and show extensive co-operative
behaviour (Schaller 1975). Definitive parentage was assessed in eleven lion
prides, permitting the precise genealogy of about 200 lions. Prior to this study
it was believed that each male within a pride sired an equal proportion of
offspring in the pride. But from this work it is now clear that this is only true
for small groups of males within a pride. For larger groups, reproductive
success 1s guaranteed for only a few males at the expense of other closely
related males. Thus, in groups formed from close male relatives, some males
act as non-reproduchve helpers.

The dwarf mongoose (Helogale parvula), is a social, communally breeding
carnivore in which the oldest male and female dominate reproduction while
subordinates tolerate reproductive suppression and provide care for the
offspring of the oldest pair (Creel & Waser 1991). By using Jeffreys” human
multilocus probes (33:15 & 33-6) Keane et al (1994) were able to unravel a
complex social structure and discover that, contrary to previous knowledge,
24% of young had subordinate fathers and 15% had subordinate mothers.
Furthermore, multiple paternity was found within a single female’s litter. The
subordinates who reproduced were of ‘high’ social rank and tended to be
distantly related to the same-sex dominant. Subordinate reproduction on this
scale may be a means of ‘power-sharing’, in which dominant males and
females concede some direct reproductive success to high-ranking
subordinates in order to retain them in the pack as helpers and thereby
increase their own reproductive success (Keane et al 1994).
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Similarly, a study of male mating success and paternity in the grey seal,
Halichoerus grypus, (Amos et al 1993b) found that the reproductive success of
the dominant males was not as great as their behavioural domination of
copulatory opportunities would suggest (judged from behavioural

observations). In 36% of cases investigated the most likely candidate male
was shown not to be the father.

3-1e The Ability of DNA Fingerprinting to Differentiate Between
Populations

Recently, DNA fingerprinting has been used to determine genetic variation at
the level of populations, essentially in three aspects of population
demography, (1) the current dispersal of populations and species, (2) their
migratory history and (3) their current social structure.

In association with mtDNA analysis, DNA fingerprinting was used in studies
of three clusters of gray wolf packs to investigate social behavioural
observations (Lehman et al 1992). Initially, dispersal was thought to be
common among local groupings of packs and not sex-biased. A high level of
similarity was found both within packs, and between packs that had
overlapping ranges, thus confirming the first observation, but female short
range dispersal was found to be more common than male. Band sharing
coefficients calculated from unrelated individuals allowed the classification of
individuals as either unrelated, moderately related or closely related. This
classification, when applied to the packs and in addition to mtDNA analysis,
demonstrated that the majority of wolf packs consisted of closely related
individuals except for the breeding pair. However, some packs were found to
be composed of unrelated non-breeding members.

In studies of other mammals DNA fingerprinting has shown that gene
dispersal occurs between adjacent groups, for example, between pods of the
Faroese pilot whale, Globicephala melas (Amos et al 1991). Investigations of
inter- and intrapopulation variability in river populations of the blue duck
(Hymenolaimus malacorhynchos) found a decrease in genetic similarity
correlated with increzced geographic distance and significantly higher genetic
similarity within sub-populations. The high degree of similarity within sub-
populations indicated that dispersal is very limited in this species and
:nbreeding common. Apparently these are natural characteristics of the blue
duck social system (Triggs et al 1992).

Migrations on an historical scale have been examined by DNA fingerprinting
analysis of isolated populations, such as the lions of the Ngorongoro crater 1n
Tanzania (Packer et al 1991b, Gilbert et al 1991). Interpopulation genetic .

34




variability values suggest that the original N gorongoro lions were founded
from the adjacent Serengeti populations. The similarity, in terms of DNA
fingerprinting, was found to be greater between Serengeti and N gorongoro
lions than between Ngorongoro lions and the other putative founder
population - the Manyara lions.

From the population and sub-population point of view, levels of founder
effect, inbreeding and genetic drift can sometime be of more consequence
than familial relationships. The genetic differences defined by genetic

fingerprinting can give an overview of the degree of gene flow between
populations and an indication of the way in which a population, or sub-
population first arose.

3-1f The Relevance of DNA Fingerprinting to Conservation Genetics

Ballou and Ralls (1982) have emphasised the need for monitoring genetic
variability in small or isolated, captive and wild populations to assess
inbreeding, effective population number and thus define the goals for
management action. Knowledge of the genealogy among captive groups of
animals - by means of DNA fingerprinting and other molecular techniques -
can profitably be used in the genetic management of captive breeding
colonies. By monitoring and (if possible) adjusting an individual’s genetic
contribution to succeeding generations a level of genetic diversity can be
maintained. Managed breeding programs will thus be able to offset the
negative aspects of inbreeding such as increased infant and juvenile mortality,
reduced tolerance to infectious diseases, delayed sexual maturity and reduced
fertility (Ralls et al 1986). Effective captive breeding programs therefor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>