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A bstrac t

Tandemly repeated tracts of DNA are a ubiquitous feature of eukaryote 
genomes. One class of tandem repeats, ‘minisatellites’, have been shown 
to be highly variable both in overall length and in the internal 
arrangement of variant versions of the repeating unit along the array. 
Consequently, both length and internal variation at these loci can be 
exploited to generate individual-specific profiles of use in forensic science 
and the establishment of family relationships. Recently it has been 
demonstrated that short dinucleotide repeats, or ‘microsatellites’, and 
other simple tandem repeat arrays can also show length variation. This 
work describes the isolation and characterization of simple tandem repeat 
arrays, and their application in a forensic science case. The evolutionary 
persistence of variability at tandem repeat loci is also explored. Simple 
tandem repeats isolated were frequently associated with other tandem 
repeats and interspersed repetitive elements, a phenomenon previously 
described for minisatellites and perhaps indicative that certain genomic 
regions show relaxed fidelity in the maintenance of large-scale DNA 
structure, allowing tandem array expansion and retroposon insertion. 
Although variability is low relative to minisatellites, microsatellites, 
owing to limited length, can readily be amplified from highly degraded 
DNA using the polymerase chain reaction. Consequently it was possible to 
identify positively the skeletal remains of a murder victim by comparing 
microsatellite profiles of the skeleton with those of the presumptive 
parents. Comparative studies of microsatellite and minisatellite loci 
between man and other primates indicate that in evolutionary terms, the 
variable state is reasonably persistent at microsatellite loci, whereas 
highly variable minisatellites show extreme evolutionary transience. Such 
transience was also demonstrated for two large ‘m idisatellite’ loci, 
suggesting that highly variable tandem repeat loci are extremely unstable 
and transient, whereas lower variability leads to evolutionary persistence 
of the variable state.
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1.1 The C-value paradox

The uncomfortable realization that amphibians and fish can have genomes 
twenty times as large as that of man was first made in 1951 by Mirsky & 
Ris. Furthermore, closely related species were found to have very 
different genome sizes or ‘C-values’. Subsequent estimates of gene 
number, average gene size and genome size drew the conclusion that only 
a very small proportion of the eukaryote genome encodes protein 
products and that there is an enormous excess of apparently superfluous 
DNA in most eukaryote genomes (reviewed by Le win, 1975). DNA 
reassociation kinetics demonstrated that much of this non-coding sequence 
is repetitive (Britten & Kohne, 1968), with more recent estimates 
suggesting that 20-30% of human DNA is of a repeated nature (see 
Schmid & Jelinek, 1982). The remaining excess DNA is apparently 
unique sequence, forming tracts between genes and non-coding 
intervening sequences within genes (Jeffreys & Flavell, 1979).

Although it was something of a relief to discover that despite being 
twenty times as large as that of man, the salamander genome was of 
similar sequence complexity, the role of the repetitive DNA element 
remained (and to a large extent still remains) enigmatic. In mammals, the 
bulk of this repetitive DNA can be divided into two broad categories: 
‘satellite’ DNA comprising large tracts of simple tandemly repeated 
sequence, and dispersed repetitive DNA, consisting of elements- which are 
not tandemly repeated but are interspersed with regions of unique 
sequence (see Schmid & Jelinek, 1982).

1.2 Dispersed repetitive DNA

The interspersed repetitive DNA component can be divided into two 
broad categories: short interspersed repetitive elements (SINES) and long 
interspersed repetitive elements (LINES; Singer, 1982). By far the most 
common SINE in human DNA is the Alu element, so called due to the 
presence of an A lul restriction endonuclease cleavage site (Houck et al., 
1979). Alu is a ~300bp element scattered throughout the genome at a 
copy number of >5x10^, representing -5%  of total human genomic DNA 
(Singer, 1982). Alu elements are ubiquitous in primates, and consist of 
two direct 130bp repeats, with a 31bp insertion in the second repeat



(Deininger et al., 1981). A similar element in rodents, termed the B1 
element, consists of a 130bp monomeric form of the Alu element (Krayev 
et a l ,  1980).

Alu and B1 elements show all the characteristics of processed 
pseudogenes, inactive copies of functional genes which appear to have 
arisen following reverse transcription from mRNA and random insertion 
of the resulting DNA copy into a different region of the genome (see 
Rogers, 1985). Such elements, in common with Alu and B1 elements, are 
flanked by short direct repeats and have a polyadenosine tail. Most 
processed pseudogenes have been identified as single copies (Vanin,
1984); however, pseudogenes originating from the small nuclear RNA 
genes U1-U6 have copy numbers of 10^-10^ in human DNA (Denison & 
W einer, 1982). B1 elements and Alu monomers show significant 
homology to the 5' and 3’ ends of the 7SL RNA gene which encodes the 
RNA component of the signal recognition particle, a ribonucleoprotein 
involved in protein transport across the endoplasmic reticulum (UUu & 
Tschudi, 1984). The source of all Alu elements would therefore appear to 
be a 7SL RNA pseudo gene which has dimerized following deletion of the 
central region.

Comparison of Alu elements in man and other primates has revealed 
several distinct Alu subfam ilies which are distinguishable by 
characteristic base differences (Britten et a l ,  1988, 1989; Shen et a l ,  
1991). Each subfamily appears to have arisen at a particular stage of 
human evolution, strongly implying that all Alu elements are derived 
from a single active source gene (or limited number of source genes) and 
that the different subfamilies simply represent the accumulation of base 
substitutions in the source gene(s) during evolution (Shen et a l ,  1991). 
This is in agreement with observations that few Alu elements are actively 
transcribed in vivo despite the the presence of an internal RNA 
polymerase XU promoter (see Sharp, 1983). It has been estimated that the 
‘master’ Alu element has a mutation rate similar to that of non-coding 
intervening sequence DNA and is consequently under no evolutionary 
constraints (Shen et a l ,  1991). The internal promoter may therefore be 
defunct, suggesting that the master Alu might fortuitously reside in a 
genomic region which is highly transcriptionally active due to RNA 
polymerase II activity at the appropriate time for retroposon dispersal;



for example, in a region which is highly expressed in the early embryo 
(see below).

The second large class of dispersed repeats in the mammalian genome, the 
long interspersed elements, or LINES, are again dominated by a single 
element, the LI element. The LI family is ubiquitous in mammals (see 
Singer, 1982), and is sometimes referred to as the Kpn family in primates 
(Adams, 1980) and the M IFl family in rodents (Brown & Dover, 1981). 
In man, this element has a length of 6.4kb, although elements are 
frequently truncated at the 5' end. There are estimated to be ~1Q5 copies 
in human DNA (Singer, 1982). It has recently been demonstrated that LI 
mobility involves an RNA intermediate, formally establishing these 
elements as retroposons (Evans & Palmiter, 1991). Unlike Alu and B1 
elements, LI elements have no internal RNA polymerase III priming site, 
and are generally thought to be fortuitously expressed by RNA 
polymerase II (Sun et al., 1984). Two open reading frames have been 
identified in LI elements, one of which bears some homology to the 
reverse transcriptase gene of certain retroviruses (Singer & Skowronski, 
1985) leading to speculation that LI elements provide their own reverse 
transcriptase activity following transcription.

The Alu and LI families are the most prolific dispersed repeats in human 
DNA and together probably constitute -10% of the genome. However, it 
has been estimated that there may be up to 1000 families of short 
(~250bp) dispersed repeats each with 200-2000 members per family (Sun 
et al., 1984). Six such families, designated medium reiteration frequency 
or MER sequences have been identified following DNA database searches, 
and together comprise >17,000 new dispersed elements (Jurka, 1990). 
Other dispersed elements include solitary long terminal repeats (LTRs) 
from transposon and retroviral-like elements. Several endogenous 
retrovirus-like elements have been identified in human DNA, many as 
multiple (10-100) copy elements (Martin et al., 1981; Bonner et al., 1982; 
Steele et al., 1984; Maeda, 1985). In addition, a solitary retroviral LTR- 
like element has been identified at moderate (-300) copy number (Noda 
et al., 1982). (Solitary LTRs are thought to arise through deletion of a 
loop of DNA containing the provirus follow ing hom ologous 
recombination between LTRs). A dispersed element with a copy number 
of -104  and which appears to be a transposable element has also been



characterized from human DNA (Paulson et al., 1985). The first such 
sequence identified in man, this element is 2.3kb long, has 350bp LTRs 
and has been designated THE (transposon-like human element). The LTRs 
are present at a copy number of -30,000, suggesting that -10,000 solitary 
LTRs are scattered throughout the genome.

Transcripts from dispersed repeats are abundant in teratocarcinoma cell 
lines, which are though to represent very early embryonic stages 
(Skowronski & Singer, 1985; La Mantia, 1989) and B2 elements have 
been shown to be transcribed in the early mouse embryo (Vasseur et al.,
1985) strongly suggesting that transposition events occur very early in 
developm ent (a necessity for passage into the germ-line, unless 
transcription and transposition events occur in the germ-line itself). It has 
been proposed that endogenous retroviruses and transposable elements 
may also be transcribed in the early embryo, providing the necessary 
reverse transcriptase activity for réintroduction of retroposon transcripts 
into the genome (Rogers, 1986). Retroposons show a preference for 
insertion into A/T rich sites, and frequently insert into poly adenosine 
tails, giving a clustering effect (Rogers, 1986). Dispersed repeats are also 
frequently associated with tandem repeats, and on occasion tandem 
repeats actually arise from within dispersed repeats (Armour et al., 1989; 
see chapters 3 and 7), suggesting that certain regions of the genome may 
be prone to the accumulation of such sequences. The genomic role of 
retroposons is debatable, but it is now largely accepted that such elements 
are likely to be ‘selfish’ or ‘parasitic’, ie self-propogating at the expense 
of the host genome (Doolittle & Sapienza, 1980; Orgel & Crick, 1980), 
or ‘ignorant’ - a passive by product of DNA turnover mechanisms 
(Dover, 1980).

Although documented incidences of novel retroposon insertion are rare, 
some have been identified as the direct cause of human genetic disease. A 
novel insertion of an LI element into the clotting factor VIE gene has 
been shown to be the cause of a case of haemophilia A (Kazazian et al.,
1988). Similarly, a new insertion of an Alu element into the factor IX 
gene has been shown to be responsible for a case of haemophilia B 
(Vidaud et al., 1988). In addition to influencing gene function by 
insertion, dispersed repeats in close approximation may also act as 
substrates for deletion and insertion events by unequal exchange. One



example is given by NichoUs et al. (1987), who describe a 62kb deletion 
involving the 5' end of the a-g lobin  locus, resulting from unequal 
exchange between two Alu elements. Similarly, an unequal recombination 
event involving two Alu repeats has been shown to be responsible for a 
duplication  in the LDL receptor gene, resulting in fam ilial 
hypercholesterolaemia (Lehrman, 1987).

1.3 Highly repetitive ‘satellite* DNA

The term ‘satellite’ DNA was first given to a genomic DNA fraction 
which migrated to a different position to the bulk of DNA on isopycnic 
centrifugation, due to a different cytosine/guanosine content, and hence 
gave a characteristic ‘satellite’ peak on fractionation (Sueoka, 1961; Kit, 
1961). This fraction was subsequently found to be highly repetitive and 
analagous to highly repetitive sequence identified by reassociation 
kinetics. Not all large, highly repetitive DNA tracts migrate to a unique 
position on isopycnic centrifugation, but all are now known as satellite 
DNA.

At least five different classes of human satellite DNA have now been 
identified (as categorized by Tyler-Smith & Brown, 1987). By far the 
most abundant is the so-called a-satellite, consisting of a 171bp tandemly 
reiterated sequence which is ubiquitous in primates (Rosenberg, 1978). a -  
satellite sequences are associated with heterochromatin at the centromeres 
of human chromosomes (Manuelis, 1978), perhaps suggesting a role in 
chromosome pairing at meiosis, and extend for tracts of hundreds of 
kilobases (Waye & Willard, 1986; Tyler-Smith & Brown, 1987; Waye et 
al., 1987). The most likely method of maintenance of repeat unit fidelity 
in satellite DNA is unequal sister chromatid exchange as described by 
Smith (1976). This mechanism is further implied by the identification of 
higher-order chromosome specific tandem repetition likely to be due to 
propagation of a novel (mutant) repeat unit types by crossover fixation 
(Willard & Waye, 1987).

1.4 Telomeres

A tandem array with a more obvious function is the telomeric repeat 
found at the ends of chromosomes. In man, this consists of a (TTAGGG)n



array of approximately lOkb (Moyzis et al., 1988). Telomere repeats can 
be added de novo to the ends of chromosomes by a ribonucleoprotein 
known as telomerase, a specialized reverse transcriptase which carries the 
template for telomere synthesis in its RNA component (Greider & 
Blackburn, 1989). This de novo addition of repeats m aintains 
chromosome length in the germ-line; successive rounds of cell division 
would otherwise erode the telomeres due to the requirement of a primer 
for D N A  synthesis of the lagging strand during replication (see 
Blackburn, 1991). Telomerase activity appears to be absent in somatic 
cells, resulting in such successive shortening of chromosomes; telomere 
length has been shown to be a function of age in both cultured cells and 
living individuals (Harley et al., 1990; Hastie et a l,  1990). This has lead 
to speculation that telomere shortening, leading to chromosome 
instability, may be a direct cause of cell senescence; however, the 
telomeres of mouse chromosomes are 5-10 times longer than those of 
man and do not grow perceptibly shorter with successive cell divisions in 
somatic tissue (Kipling & Cooke, 1990). Several interstitial tracts of 
telomere-like sequence have been identified in human and mouse 
chromosomes (Hastie & Allshire, 1989). These tracts may result from 
internalization of telomeric sequences, or could simply reflect 
independent expansion of telomere-like tandem repeat arrays. In one case, 
an interstitial (TTAGGG)n repeat appears to have resulted from the 
ancient telomeric fusion of two acrocentric chromosomes which gave rise 
to human chromosome 2 (AUshire et al. 1989).

7.5 Ribosomal RNA genes

Other tandemly repeated arrays with obvious function are the ribosomal 
RNA genes; multiple copies of these genes are required to ensure that a 
sufficient number of ribosomes can be synthesized for translational 
activity. The 18S and 28S rRNA genes are combined in a single 
transcription unit, with each transcription unit separated by a non
transcribed spacer, to give an array of 43kb tandem repeats in man 
(Amheim & Southern, 1977). These tracts are dispersed over the short 
arms of the acrocentric chromosomes (Henderson et al., 1972) with a 
total copy number of 50-200 (Young et a i ,  1976; Guabatz et al., 1975). 
The 5S rRNA genes are also encoded as a tandem repeat, thought to exist



as a single locus on chromosome 1, comprising some 2000 repeats 
(Steffensen et. al., 1974; Hatlen & Attardi, 1971).

1.6 Minisatellites - dispersed.tandem repeats

(a) Historical aspects

Minisatellites, also known as VNTR (variable number of tandem repeat) 
loci are tandemly repeated DNA tracts, typically l-20kb in total length, 
which can show extensive allelic length differences due to variation in 
repeat copy number (reviewed in Jeffreys, 1987). The first such 
hypervariable locus was identified in 1980 by Wyman & White, although 
the molecular basis for variability at this locus was not established until 
1986 (Wyman et al., 1986). Similarly, highly polymorphic loci, 
subsequently shown to be minisatellites, were identified in and around the 
a-globin gene complex (Higgs et al., 1981; Goodbum et al., 1983). The 
first demonstration that high levels of allelic variation were associated 
with tandem repetition resulted from sequence analysis of a highly 
polymorphic region near the human insulin gene (BeU et a i,  1982).

In 1985, a 33bp tandemly repeated tract, which had previously been 
isolated from an intron in the myoglobin gene, was used as a probe at low 
stringency to detect further minisatellites in human DNA, many of which 
were polymorphic (Jeffreys et al., 1985a). Sequence analysis of these 
.minisatellites revealed a common 15bp G-rich consensus or ‘core’ motif 
embedded in the repeat unit sequence of each minisatellite. Two of the 
minisateUites, designated 33.6 and 33,15, were found to consist entirely 
of tandem repeats of two variant forms of this core sequence. When used 
to probe Southern blots of restriction endonuclease cleaved human DNA 
at low stringency, minisatellites 33.6 and 33.15 detect two different 
subgroups of highly variable minisateUites, resulting in highly individual- 
specific ‘DNA fingerprints’ (Jeffreys et al., 1985b).

Subsequent to the generation of DNA fingerprints with 33.6 and 33.15, 
many other tandem repeat probes were found to detect multiple variable 
loci at reduced stringency including probes derived from a minisateUite 
3' to the a-globin gene complex (Fowler et al., 1988), a tandem repeat 
from the M l3 genome (Vassart et a i ,  1987) and several chemically



synthesized simple repeat sequences and polym ers of random 
oligonucleotides (Ali et al., 1986; Vergnaud, 1989). However, many of 
the minisateUites detected by these probes have now been shown to be co
detected by either 33.6 or 33.15 (Armour et al., 1990).

(h) Applications of DNA fingerprints

By far the most common application of multilocus DNA fingerprints is 
the establishment of family relationships either in cases of disputed 
paternity (see Jeffreys et al., 1991a) or immigration disputes (Jeffreys et 
al., 1985c). Using DNA fingerprinting, family relationships can be 
established with a level of certainty far in excess of that given using 
conventional genetic markers (see Dodd, 1985). DNA fingerprints have 
also been used in forensic science, for the comparison of semen samples 
with suspected rapists (GiU et al., 1985; GiU & Werrett, 1987), although 
the usefulness of multilocus probes is limited in such cases by lack of 
sensitivity, requiring at least 0.5pg of DNA per test (Jeffreys et al., 
1985b). This problem has been overcome by the use of single locus 
mini satellite probes (see below), which have 10-fold greater sensitivity 
(Wong et al., 1987). Other applications of DNA fingerprinting include 
monitoring the success of bone marrow transplants (Thein et al., 1986), 
determination of twin zygosity (HUl & Jeffreys, 1985) and the detection 
of chromosomal rearrangements in tumours (Thein et al., 1987).

In addition to detecting multiple variable loci in human DNA, multilocus 
probes have been shown to generate DNA ‘fingerprints’ from a wide 
range of animal and plant species, including mice, dogs, cats, farm 
animals and birds (Jeffreys et al., 1987a, 1987b; Jeffreys & Morton, 
1987; Burke & Bruford, 1987, Dallas, 1988). Thus DNA fingerprints can 
be used to verify identity and parentage in economically important 
species, as well as in the establishment of family relationships in 
population biological studies (see for example Burke & Bruford, 1987; 
Parker et al., 1991; reviewed in Burke et al., 1991).

(c) The potential of minisatellites as linkage markers

A DNA fingerprint generated by a single multilocus probe is comprised 
of approximately 15 resolvable, unlinked bands (Jeffreys et al., 1985a),



but provides no information as to the genetic location of each band; as 
such, a DNA fingerprint gives phenotypic, rather than genotypic 
inform ation. In order to exploit the hypervariable nature of the 
minisateUites that make up a DNA fingerprint in genetic linkage analysis, 
it is necessary to clone individual loci.

An aside: the principle of linkage analvsis

Due to the linear arrangement of DNA in eukaryotic chromosomes, two 
DNA markers on the same chromosome can be said to be physically 
linked to one another (syntenic). The proximity of syntenic markers is 
inversely proportional to the number of recombination events occurring 
between them (Morgan, 1910). This simple relationship forms the basis 
of genetic linkage analysis; the degree of linkage is usuaUy determined by 
comparing the probability of obtaining a given set of pedigree data for 
two loci at a given recombination fraction with the probability of 
obtaining the same results in the absence of linkage (ie at a recombination 
fraction of 0.5). This expression is usually given as the logarithm of the 
odds in favour of linkage for the given recombination fraction over no 
linkage, and is termed the LOD (log of the odds) score (Fisher, 1935; 
Morton, 1955).

The ‘reverse genetics’ or ‘positional cloning’ approach to identifying gene 
defects associated with inherited disease involves identifying polymorphic 
markers linked to the gene of interest and assessing the degree of linkage 
between markers and the disease trait in affected families. Sequential 
'chromosome walking' through informative markers plus physical 
mapping allows eventual identification of the gene itself. Consequently, 
the early stages of this approach depend heavily on an even and frequent 
scattering of highly informative markers across the chromosomes. The 
informativeness of a genetic marker is usually defined in terms of 
heterozygosity (ie the proportion of heterozygotes in the population) or 
the polymorphism information content (PIC), which describes the 
probability that an aUele from a given parent can be identified on 
transmission to a given child (Botstein et al., 1980). For highly variable 
loci, the PIC value is approximately the same as the heterozygosity.

1 0



The first polymorphic system to be studied was the ABO blood group 
system, which was identified serologically (Landsteiner, 1900). 
Subsequently, electrophoretic variants of proteins, including further cell 
surface antigens and enzymes were identified (see Harris & Hopkinson, 
1972; Giblett, 1977). Unfortunately the majority of these systems are of 
low informativeness, with a limited number of aUeles, the clear exception 
being the human leucocyte antigens (HLA) which are encoded as a cluster 
on chromosome 6 and generate an extremely informative haplotype (see 
Bodmer, 1981). In the late 1970s, it became possible to analyse 
polymorphism directly at the DNA level; nucleotide sequence variations 
were shown to occur once every few hundred base pairs on average 
(Jeffreys, 1979). These base substitutions are most easily exploited as 
genetic markers if they result in creation or destruction of a restriction 
endonuclease cleavage site, allowing identification of a restriction 
fragment length change on Southern blot analysis. This technique was 
first used to indirectly diagnose sickle-cell anaemia by virtue of a H pal 
site linked to the defective p-globin locus (Kan & Dozy, 1978). 
Restriction fragment length polymorphisms (RFLPs) have since been used 
to generate reasonably detailed linkage maps of the human chromosomes 
(Donis-Keller et al., 1987) and have been instrumental in locating those 
genes responsible for some of the most common inherited diseases in 
man, including Duchenne muscular dystrophy (Monaco et al., 1986) and 
cystic fibrosis (Rommens et al., 1989).

New techniques, based on PCR, have broadened the range of single base 
polymorphisms which may be utilized beyond RFLPs, which rely on the 
presence or absence of a restriction site. A single base mismatch at the 
extreme 3' end of a PCR primer can completely prevent priming under 
some circumstances, a phenomenon which may be used to distinguish 
alleles differing due to a single base substitution (Newton et al., 1989). 
PCR amplified alleles which differ by a single base may also be 
distinguished follow ing dénaturation and non-denaturing gel 
electrophoresis; the single stranded DNA produces different profiles for 
the two alleles as a consequence of conformational polymorphism 
resulting from the base difference (Orita et al., 1989).

Although useful, single base polymorphisms are far from ideal markers 
for linkage analysis. Most are diallelic and consequently only three
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phenotypic states exist. Heterozygosity can never exceed 50% in a 
population at Hardy-Weinberg equilibrium, and in practice is usually 
m uch lower. This severely limits the usefulness of single base 
polym orphism s in linkage analysis. In contrast, highly variable 
minisatellite arrays frequently show heterozygosities in excess of 90% 
(Wong et al., 1986, 1987; Armour et al., 1990) rendering them 
extremely promising linkage markers in this respect.

(d) Isolation of hvpervariable mini satellites

Tandemly repeated DNA sequences are notoriously difficult to propagate 
in E. coli hosts, being prone to gross rearrangements usually resulting in 
deletion of much of the repeat array (Brutlag et al., 1977). MinisateUites 
are no exception, and are extremely refractory to cloning, even in 
recombination deficient hosts (see Wyman et al., 1985; Wong et al.,
1986). In spite of this, a number of highly informative minisateUite loci 
have been successfully cloned from genomic X libraries following 
detection with the polycore probes 33.6 and 33.15 (Wong et al., 1986, 
1987; Nicola Royle, personal communication), and over 200 VNTR loci 
(albeit with somewhat lower mean variability) have been isolated from a 
genomic cosmid library (Nakamura et al., 1987a). More recently, 
ordered array libraries in charomid vectors, amenable to multiple rounds 
of efficient screening with a battery of multilocus probes, have proved a 
rapid and efficient method for the isolation of minisateUites from human 
DNA (Armour et al., 1990), and from the genomes of other species 
(Hanotte et al., 1991; Burke et al., 1991). Charomids are a series of 
cosmid derived vectors which include variable numbers of tandemly 
repeated ‘spacers’, allowing cloning of a range of DNA fragment sizes 
(Saito & Stark, 1986). This renders charomids relatively insensitive to 
reduction of insert size due to collapse, and consequently they are ideaUy 
suited to the cloning of minisateUites.

(e) Localization of minisateUites to the proterminal regions of hum an 
chromosomes

Unfortunately, despite the initial promise of random genetic distribution 
of minisateUites as shown by a lack of linkage between bands in a DNA 
fingerprint (Jeffreys et al, 1986), in situ hybridization and pedigree
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analysis has shown that approximately 80% of minisateUites are found in 
the proterminal regions of human chromosomes (Royle et al., 1987; 
Nakamura et al., 1988; Armour et al., 1990). Although this renders 
minisateUites of restricted usefulness in the constmction of Unkage maps, 
it adds weight to the argument favouring the involvement of minisateUites 
in homologous recombination (see below).

(f) Forensic application of single locus minisateUite probes

Despite apparently limited potential in linkage analysis, single locus 
minisateUite probes are of unparalleled value in forensic science, 
particularly in instances of rape, where the increased sensitivity over 
multilocus DNA fingerprinting probes mentioned above allows a profile 
to be generated from as little as I j i l  of semen. Although not as 
discriminatory as a DNA fingerprint, sequential use of a panel of highly 
variable minisateUites gives a more than acceptable level of individual 
specificity (Wong et al., 1987).

The sensitivity of single locus minisateUite typing can be extended further 
using the polymerase chain reaction (PCR), which in principle allows 
identification of a single cell (Jeffreys et al., 1988). However, aUeles 
>10kb long are refractory to amplification even from high molecular 
weight DNA, and minisateUites generaUy fail to amplify from degraded 
DNA samples (A.J. Jeffreys, personal communication). For this reason, 
much shorter PCR-amplifiable dinucleotide repeats may be preferable for 
analysis of degraded DNA, despite limited variability (see chapter 6). 
While PCR extends the range of forensic samples to which DNA analysis 
can be applied, it also presents unprecedented opportunities for erroneous 
conclusions through sample contamination from extraneous sources, and 
consequently requires strict laboratory procedures designed to prevent 
such occurrences.

(g) MinisateUites as potential recombination hot-spots

In addition to providing an invaluable new set of DNA markers for 
forensic science, the isolation of individual minisateUites also allowed 
some basic aspects of minisateUite biology to be explored. The ubiquity of 
G-rich minisateUites in higher eukaryotes initiaUy implied conservation
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and therefore function, a view supported to an extent by the identification 
of minisatellite binding proteins in a diverse range of species (CoUick & 
Jeffreys, 1990; Wahls et al., 1991). It had already been noted that the 
core sequence embedded within the repeat units of those minisateUites that 
constitute a 33.6 or 33.15 derived DNA fingerprint bore some similarity 
to the % recombination signal of E. coli, leading to speculation that 
m inisatellites may play a similar recombination-promoting role in 
eukaryotes, the variation in the number of tandem repeats arising as a 
consequence of unequal meiotic or mitotic exchange (Jeffreys et al, 
1985a).

The localization of minisatellites to the proterminal regions of human 
chromosomes fuelled this speculation; chiasmata and recombination 
nodules associated with synaptonemal complexes, thought to be the visible 
cytological representation of meiotic recombination events, show a 
similar distribution (Hulten, 1974; Solari, 1980) and minisatellite core 
probes appear to hybridize preferentially to chiasmata in human bivalents 
(Chandley & Mitchell, 1988). Furthermore, a recombination hotspot 
identified near the murine Ep MHC locus may involve a tandemly 
repeated region closely related in sequence to the minisatellite core 
(Steinmetz et al., 1986). Additional evidence pointing to a role for 
minisatellites in recombination comes from Wahls et al, (1990); plasmids 
with inserts consisting of tandem repeats based on the core sequence show 
an elevated level of homologous recombination in adjacent sequences 
when introduced into EJ bladder carcinoma ceUs. Finally, direct estimates 
of minisatellite mutation rates to new length alleles in human pedigrees 
have shown that paternal and maternal mutations arise with equal 
frequency, surprising in view of the fact that oocytes arise through 
approximately 24 postzygotic cell divisions, whereas sperm are generated 
via -400  divisions (Orgel & Rathenberg, 1975), and suggestive that the 
mutation process is restricted to one stage of gametogenesis, possibly 
meiosis (Jeffreys et al., 1988).

However, there is also a considerable body of evidence against meiotic 
recom bination as the m ajor mutational mechanism operating at 
minisatellite loci. The generation of 13 new alleles at two minisatellite 
loci has failed to show any association with exchange of flanking markers, 
strongly suggesting that unequal exchange between homologous
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chromosomes is not the major mechanism for the generation of new 
length alleles (Wolff et al., 1988, 1989). Minisatellites can also show a 
significant degree of mutational mosaicism in both the germ line and 
somatic tissues; two highly unstable mouse minisateUites, Ms6-Hm  and 
Hm2 show clear length mosaicism in approximately 3% and 10% of mice 
respectively, with 10-60% of cells containing the new mutant allele. The 
events leading to the generation of these mutant alleles are clearly 
premeiotic, occurring early in development (KeUy et al., 1989, 1991; M. 
Gibbs, personal communication). Although there has only been one 
instance of minisatellite mosaicism in man detectable by conventional 
Southern blotting techniques to date (A.J. Jeffreys and I. Patel, personal 
communication), single molecule PCR amplification of new mutant aUeles 
of minisateUite MS32 from both sperm and blood DNA has revealed a 
significant level of mosaicism, with at least 40% of new mutants showing 
evidence of mosaicism (Jeffreys et al., 1990).

(h) Internal variation at minisatellite loci

The tandemly repeated units that constitute a minisatellite are rarely 
identical, and frequently show sequence variation between repeat units 
(Jeffreys et al., 1985a; Wong et a i, 1986, 1987; Jeffreys et al., 1990; see 
chapter 3). This variation can be exploited to generate internal maps of 
minisatellite aUeles, which reveal a far greater level of variability than 
that discernible by length differences; for example, the number of 
different alleles distinguishable by length at minisateUite MS32 has been 
estimated at approximately 40 (Wong et al., 1987), whereas the true 
number of aUeles in the human population as judged by internal variation 
may be greater than 10^ (Jeffreys et al., 1991b).

Study of the internal structure of minisateUite aUeles, rather than 
measuring length differences alone, can give further insights into the 
biological processes operating at these loci. Internal maps of deletion 
mutants at MS32 isolated from sperm DNA and subsequently analysed 
foUowing PCR amplification (see above) revealed aU mutants isolated to 
be the result of intra-allelic events, with no evidence for inter-aUelic 
recombination, and indicated that <6% of all such deletion mutants at 
MS32 arise through inter-aUelic mechanisms, drawing the conclusion that 
MS32 aUeles evolve largely along haploid lineages via mechanisms such
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as sister chromatid exchange and DNA slippage during replication 
(Jeffreys et al,, 1990; discussed further in chapter 3). However, for 
technical reasons only large deletion events were studied; analysis of 
increases in allele length and of very small changes in allele length, 
known to be far more common, were not included. Very recent evidence 
resulting from extensive pedigree analysis of MS32 internal maps has 
revealed 7 mutant alleles, all resulting from very small increases in repeat 
unit copy number and perhaps reflecting a bias in favour of gain of small 
numbers of repeats. Furthermore, at least one and probably two of these 
mutants have arisen through inter-allelic exchange, revitalizing the 
concept of a role for minisateUites in meiotic recombination (Jeffreys et 
al,, 1991b). The mutational processes operating at minisateUite loci may 
therefore be more complex than previously imagined, possibly involving 
several different mechanisms including both intra and inter-aUelic 
exchange.

In addition to providing an insight into the fundamental biological 
processes operating at minisateUite loci, minisateUite variant repeat 
(MVR) mapping is also potentially a very powerful tool in forensic 
science, overcoming many of the criticisms recently levelled at individual 
identification based on minisateUite allele length (Lander, 1989). The 
greatest limitation of minisateUites as currently used in forensic analysis 
is the inabUity to unequivocaUy identify an allele of given length due to 
subtle length differences between similarly sized aUeles. Consequently, in 
database construction it is necessary to group or ‘b in’ alleles of similar 
length, with a subsequent large reduction in statistical power (Budowle et 
aL, 1991). Even when comparing two profiles side by side on the same 
gel, electrophoretic ‘band shifts’ can lead to identically sized aUeles 
migrating different distances, giving a false exclusion (see Norman,
1989). Furthermore, the statistical evaluation of a match between two 
profiles requires the estimation of allele frequencies (as judged by length) 
and the assumption that aUeles associate at random in human populations, 
an assumption that has recently been brought into question (Cohen, 1990). 
In contrast, MVR mapping generates unambiguous, non-subjective digital 
codes, aUowing data from different laboratories to be pooled for the 
construction of large databases for forensic interrogation. In addition, 
MVR maps of MS32 generated frmn genomic DNA samples consist of a 
ternary code resulting from superimposition of the two aUelic profiles.
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effectively generating phenotypic rather than genotypic data and 
consequently obviating the need for allele frequency estimates and the 
assumption of random allele association (Jeffreys et al., 1991b).

1.7 Simple tandemly repeated sequences

Following the finding that minisateUites can show a high degree of length 
variability, the possibility of variation at simple tandemly repeated loci 
has been explored. Simple tandem repeats may be loosely defined as 
tandemly repeated arrays where the length of the repeat unit is < 4bp, and 
the overall array length is typically much shorter than a minisateUite, 
usuaUy less than Ikb. However, the dividing line between simple tandem 
repeats and minisateUites is arbitrary; the highly variable mouse 
minisateUite Hm2 has a repeat unit just 4bp long but aUeles several kb in 
length (Kelly et al., 1991; M. Gibbs, personal com munication). 
Furthermore, many tracts of satellite DNA, particularly in arthropods, 
consist of simple tandem repeats (see John & Miklos, 1988).

The first simple tandem repeat sequences to be assayed for length 
variability were (dA-dC)n (dT-dG)n dinucleotide repeats, where n is 15- 
30 (Litt & Luty, 1989; Weber & May, 1989). Such elements are widely 
dispersed in eukaryote genomes (for more details see section 5.1). As 
these elements are frequently embedded in unique sequence DNA, PCR 
was used to assay variability. It was consequently found that (dA- 
dC)n*(dT-dG)n repeat loci or ‘microsatellites’ are indeed variable, with a 
range of aUeles typically varying by 2bp or one repeat unit, consistent 
with variability arising as a consequence of DNA slippage during 
replication (Litt & Luty, 1989; Weber & May, 1989). Unfortunately the 
degree of variability at such microsateUite loci is limited; heterozygosity 
is relatively low compared to minisateUites, and the number of aUeles is 
limited, with allele frequency distributions typically dominated by one or 
two common aUeles (Weber, 1990). As a consequence, microsateUites are 
of Umited usefulness in forensic science, although they have the advantage 
of being applicable to the typing of highly degraded DNA samples (see 
chapter 6). However, the genomic distribution of microsatelUtes appears 
to be random, with no evidence for clustering (Luty et al., 1990), 
rendering them extremely promising markers for linkage analysis.
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Further to the discovery of variability at (dA-dC)n (dT-dG)n repeat loci, 
other short di- tri- and tetranucleotide repeat arrays have also been shown 
to be variable (Tautz, 1989; see chapter 7; see for example Mercier et al., 
1991). Even mononucleotide repeats such as Alu element polyadenosine 
tails can show significant degrees of variability (Economou et al., 1989; 
see chapter 7; Mant et al., 1991). Tetranucleotide repeat arrays can show 
high levels of heterozygosity and smoother allele frequency distributions 
than than dinucleotide repeats; furthermore, longer repeat unit length and 
greater overall array length allows tetranucleotide repeats to be typed on 
high percentage agarose gels, largely removing the need for typing on 
cumbersome polyacrylamide sequencing type gels, as is required for 
resolving closely spaced alleles at dinucleotide repeat loci (although 
polyacrylamide gels are required for unequivocal allele identification in, 
for example, a forensic context).

1.8 This work

Although polymorphic tandemly repeated loci appear to be a ubiquitous 
feature of the genomes of higher eukaryotes, very little information exists 
concerning the evolutionary dynamics of such loci. By comparing 
individual minisatellite loci in man and other primates, the degree of 
evolutionary persistence of the variable state was ascertained and related 
to the level of variability and mutation rate, allowing a simple model of 
the evolutionary progress of a minisateUite, starting from a two repeat 
unit ground state, to be proposed. This is described in chapter 3. 
Following the success in mapping internal variability at the minisateUite 
MS32 (Jeffreys et al., 1991b), chapter 4 describes an attempt to exploit 
internal variation as a source of polymorphism at a second minisateUite 
locus, MSI.

Chapter 5 concerns the isolation and characterization of (dC-dA)n.(dT- 
dG)n microsateUite loci as potential genetic markers, and also touches on 
the persistence of variability at these loci as determined by species 
comparisons. Chapter 6 involves the application of such loci to forensic 
science, and describes the positive identification of the skeletal remains of 
a murder victim foUowing the extraction of highly degraded DNA from 
bone, marking the first instance of PCR data being accepted as evidence 
in a British court.
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In chapter 7, the isolation and characterization of tetranucleotide repeat 
arrays is described, and their potential as genetic markers assessed. 
Finally, chapter 8 describes the characterization and apparent extreme 
evolutionary transience of two ‘midisatellite’ arrays fortuitously isolated 
from human DNA.
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CHAPTER 2 

MATERIALS & METHODS
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2.1 Materials

2.1.1 Chemical Reagents

Ail chemical reagents, unless otherwise stated below, were supplied by 
Fisons, Loughborough. Antibiotics, bovine serum albumin (BSA), N-2- 
hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES), isopropyl- 
P-D-galactopyranoside (IPTG), polyethylene glycol (PEG), ficoU 400, 
N,N,N',N’-tetramethylethylenediamine (TEMED), dithiothreitol (DTT), 
thymine, spermidine trichloride, salmon sperm DNA and agarose were 
supplied by the Sigma Biochemical Company, Poole. Seachem HGT 
agarose and nusieve agarose were supplied by ICN Biochemicals Ltd, 
High Wycombe. Ammonium persulphate was from Bio-Rad, Watford. 5- 
bromo-4-chloro-3-indoyl-p-D-galactopyranoside (BCIG) was obtained 
from Anglian Biotechnology, Colchester. Acrylamide and urea were 
supplied by Serva, Heidelberg. N,N'-methylene-bisacrylamide was 
supplied by Uniscience, Cambridge. D eoxyribonucleotides and 
d ideoxynucleo tides were from  Pharm acia, M ilton K eynes. 
Radiochemicals were supplied by Amersham International pic. Little 
Chalfont. All reagents used were of analytical grade.

2.1.2 Oligonucleotides

Hexadeoxyribonucleotides for random oligonucleotide priming (section 
2.2.10a) were supplied by Pharmacia. 20 and 24-mers for PCR 
amplification and 17-mers for sequencing M l3 and phagemid inserts 
were synthesized in the Department of Biochemistry, University of 
Leicester on an Applied Biosystems 380B DNA synthesizer.

2.1.3 Enzvmes

Restriction endonucleases were supplied by Gibco-BRL, Paisley, New 
England Biolabs (via CP Laboratories, Bishop's Stortford) and the 
Boehringer Corporation, Lewes. Digests were performed in ReAct 
buffers obtained from Gibco-BRL. Pharmacia supplied T4 polynucleotide 
kinase, T7 DNA polymerase and the klenow fragment of DNA 
polymerase I. T4 ligase was supplied by Gibco-BRL. Calf intestinal 
alkaline phosphatase was obtained from the Boehringer Corporation.
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DNA polymerase from Thermophilus aquaticus was from Amersham 
International.

2.1.4 Molecular weight markers

\  DNA digested with HindUl and (|)xl74 DNA digested with HaeHL were 
obtained from Gibco-BRL.

2.1.5 Media

All media were obtained from Oxoid, Basingstoke, with the exception of 
yeast extract and tryptone, which were supplied by Difco, East Molesley.

2.1.6 Bacterial strains

Two bacterial strains were used, NM522: A(Zac-proAB), thi, supE, 
hsdR.ll (Rk',Mk+), [F proAR, lacRZAM15] (Gough & Murray, 1983) 
and XL 1 Blue: endA, hsdR, supE, thi, recA , gyrA , re lA  [F  p ro A B , 
lacl^ZA M lS  TnlO(TetO] (Bullock et a i ,  1987), supplied by Stratagene 
Cloning Systems Inc.

2.1.7 Cloning vectors

M13 sequencing vectors M13mpl8 and M13mpl9 (Yanisch-Perron et aL, 
1985) were used, replicative forms supplied by Gibco-BRL. The 
phagemid vectors pBluescript II KS+ and SK+ (Short et a i,  1988) from 
Stratagene were also employed.

2.1.8 DNA samples

Human DNA samples from lymphoblastoid cell lines derived from large 
families were supplied by Professors Howard Cann and Jean Dausset of 
the Centre d'Etude du Polymorphisme Humain (CEPH), Paris. Human 
placental DNA samples were provided by Dr. Raymond Dalgleish, 
Leicester. Primate DNA samples had previously been prepared using 
procedures described in Jeffreys & Flavell (1977) and Jeffreys (1979). 
Blood samples from the great apes had been supplied by Dr A.F. Scott 
(John Hopkins University, Baltimore, USA), and post-mortem tissue
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samples from other primates had been obtained from the Zoological 
Society of London and the Jersey Wildlife Preservation Trust. DNA 
samples from human/rodent hybrid somatic cell lines for chromosomal 
assignments were provided by Dr. Sue Povey, University College, 
London, and are described in table 2.1.

2.2 Methods

2.2.1 Estimation of DNA concentration

DNA concentration was assayed by measurement of UV absorbance at a 
wavelength of 260nm in a Cecil Instruments CE235 spectrophotometer, 
given that 0.02 OD units represents Ijig/m l of DNA (or 0.05 units for 
Ipg /m l of oligonucleotides). Alternatively, DNA concentration was 
estimated by visual comparison following agarose gel electrophoresis 
against a standard range of samples of known concentration.

2.2.2 Ethanol precipitation

In order to concentrate, de-salt or recover DNA following manipulation, 
ethanol precipitation was used. 1/10 volume of 2M sodium acetate (pH 
5.6) and 2.5 volumes of ethanol were added to the DNA solution. The 
solution was then mixed and left on ice for 20 minutes or at -80° for 5 
minutes, followed by centrifugation at 15,000rpm for 10 minutes. The 
ethanol was removed and the DNA pellet rinsed in 80% ethanol, dried 
under vacuum and redissolved in the required amount of distilled water. 
For recovering DNA molecules <200bp, M gCli was added to a final 
concentration of 0.0IM prior to addition of ethanol, and centrifugation 
time was increased to 20 minutes.

2.2.3 Restriction endonuclease digests

Restriction digests were performed in the appropriate ReAct buffer 
(Gibco-BRL) with > lunit of enzyme per pg of DNA. Incubations were 
carried out at the temperature recommended by the enzyme suppliers, 
usually (but not invariably) 3?o, for 1-15 hours. Spermidine trichloride 
was added to a final concentration of 4mM to enhance enzyme activity
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Table 2.1. Human-rodent somatic cell hybrids used for chromosomal 
assignments. References: (1) Kielty etaL, 1982; (2) Edwards et aL, 1985; 
(3) Solomon et al., 1979; (4) Swallow et al., 1986: (5) Goodfellow et al., 
1982; (6) Jones et al., 1980; (7) Varesco et al., 1989; (8) Sykes & 
Solomon, 1978; (9) Sue Povey, University College, London, personal 
communication; (10) Van Heyningen et al., 1975; (11) Croce & 
Koprowski, 1974; (12) Edwards etal., 1986; (13) Solomon et al., 1983.
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and specificity (Pingourd, 1985). For high molecular weight DNA, 
spermidine was added after the digestion had progressed for 5 minutes, to 
prevent DNA precipitation by the spermidine.

2.2.4 Alkaline phosphatase treatment

To remove the terminal 5’ phosphate groups from cloning vector DNA 
following endonuclease digestion (to prevent recircularization on ligation 
to inserts), approximately 0.01 units of calf intestinal alkaline phosphatase 
(CIP) per picomole of 5' ends of DNA were added directly to the 
reaction mix and incubation continued at 37^ for 30 minutes. The CLP 
was then deactivated by heating to 68° for 10 minutes. (Modified from 
Maniatis et a i,  1982).

2.2.5 Ligations

Ligation of DNA fragments into cloning vectors (Ml 3 or phagemid) was 
performed as follows: a 2:1 molar ratio of vector to insert was mixed at 
low concentration (<30pg/ml) in the presence of ImM ATP, Ix ligase 
buffer (50mM Tris-HCl pH 7.5, lOmM MgClz, lOmM DTT), 4mM 
spermidine and 0.1 Weiss units of T4 ligase per p i of reaction mix. 
Ligation reactions containing DNA molecules with ‘sticky ends’ were 
incubated at room temperature overnight, wheras blunt-ended ligations 
were left at 4® overnight.

2.2.6 Polvnucleotide kinase treatment

Addition of 5' phosphate groups to (dA-dC)i2 and (dG-dT)i2 synthetic 
oligonucleotides prior to ligation (see section 2.2.18d) was done as 
follows: 2pg of oligonucleotides were incubated with 2 units of T4 kinase 
at 37° for 1 hour, in a 20pl reaction mixture containing 50mM Tris-HCl, 
lOmM MgCl2 and ImM ATP. Kinase was inactivated by heating the 
reaction to 68° for 10 minutes.

In order to visualize PCR-amplified microsateUite alleles on denaturing 
polyacrylamide gels (chapters 5 and 6), 10 pmoles of one of the 
amplimers were radioactively labelled using 3 pmoles of 3000Ci/mmol 
[y32p]ATP, foUowing the protocol described above.
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2.2.7 Agarose gel electrophoresis

Agarose gels in the concentration range 0.8 - 4% were used, depending 
on the size of DNA fragments to be resolved. 0.8 - 2% gels were cast 
from Sigma agarose or Seachem HGT (ICN Biomedicals). 4% gels were 
a 3:1 mixture of Nusieve agarose (ICN Biomedicals) and HGT agarose. 
Gels <2% in concentration were run in TAE (40mM Tris-acetate, 20mM 
sodium acetate, 0.2mM EDTA, pH8.3) containing 0.5pg/ml ethidium 
bromide. To obtain greater resolution, gels with a concentration >2% 
were run in TBE (0.089M Tris-borate, 0.089M boric acid, 0.002M 
EDTA) in the presence of 0.5pg/ml ethidium bromide.

Gel length varied from 10-40cm, depending on the separation required. 
Loading mix was added to DNA samples prior to loading; 5x loading mix 
comprised 12.5% ficoll 400, 0.1% bromophenol blue in 5x TAE. DNA 
samples were mn alongside markers of known molecular weight, either X 
DNA cut with HindlLl or (j)xl74 DNA cut with Haelll. Gels were run at
4-8 volts/cm until the desired degree of separation had been achieved. 
DNA was then visualized by UV flourescence on a transilluminator 
(Chomato-vue C-63, UV Products Inc., California), and photographed 
using Kodak negative film (T-max Professional 4052). Films were 
processed with Kodak LX24 developer, FX40 fixer and HX40 hardener.

2.2.8 Preparative gel electrophoresis

In order to purify DNA fragments prior to ligation, random 
oligonucleotide labelling etc., preparative gel electrophoresis (Yang et 
al., 1979) was used. The DNA samples were run in an agarose gel until 
adequate separation had been achieved. Dialysis membrane (Scientific 
Industries International Inc., Loughborough) was cut into sheets just 
wider than the gel slots and longer than the thickness of the gel and boiled 
in lOmM Tris-HCl pH 7.5, ImM EDTA for 10 minutes. The gel was 
viewed using a hand-held UV source (Chromato-vue 57, UV Products 
Inc.) and an incision made with a scalpel immediately ahead of the band 
or smear to be purified. The dialysis membrane was inserted into this cut, 
and the DNA run onto the membrane at 10-15 volts/cm. When all of the 
DNA was loaded onto the membrane (as judged by eye), the incision was
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extended across the gel to loosen the membrane. With the current still on, 
the membrane was rapidly removed to a 1.5ml microfuge tube using 
forceps. The tube was then spun for 3 minutes at 15,000^ rpm with the 
com er of the membrane trapped in the lid to gravitate the buffer 
containing the DNA to the bottom of the tube. The DNA was 
subsequently precipitated with ethanol and redissolved in the required 
volume of distilled water.

2.2.9 Southern blotting (Southern, 1975).

The positions of the DNA markers were visualized by UV fluorescence 
and marked by notching the sides of the gel to be blotted. The gel was 
shaken gently in 0.25M HCl for 2 x 7  minutes (depurination), 0.5M 
NaOH, IM  NaCl for 2 x 15 minutes (dénaturation) and 0.5M Tris-HCl 
pH 7.5, 3M NaCl for 2 x 15 minutes (neutralization). The gel was placed 
on a wick of 3MM blotting paper (Whatman International Ltd., 
Basingstoke) which had been soaked in 20x SSC (Ix SSC is 0.15M NaCl, 
15mM trisodium citrate pH 7) and draped over a reservoir of 20x SSC. A 
nylon filter (Hybond-N, Amersham) which had been pre-soaked in 3x 
SSC was placed on top of the gel, followed by a sheet of 3MM blotting 
paper, also soaked in 3x SSC. A stack of 10 sheets of Quick-Draw 
blotting towels (Sigma) was placed on top of the 3MM paper, followed by 
a glass plate and a 0.5-1kg weight. Blots were left for 2-15 hours, with 
regular changing of towels during the first hour to ensure even transfer.

2.2.10 DNA hvbridization

2.2.10a Random oligonucleotide labelling of DNA fragments (Feinberg 
& Vogelstein, 1984)

5-lOng of gel-purified DNA were labelled as follows. The DNA was 
boiled for 3 minutes and allowed to cool to room temperature, and the 
volume adjused with distilled water such that the final volume of the 
reaction mixture would be 30|il. 1.2}il of lOmg/ml BSA (enzyme grade, 
Pharmacia) and 6p.l of oligo-labelling buffer (OLB) were added. OLB 
consisted of a mixture of 3 solutions: solution A: 1.25M Tris-HCl (pH 
8.0), 125mM MgCl2, 0.18% v/v 2-mercaptoethanol, 0.5mM dATP, 
0.5mM dGTP, 0.5 mM dTTP; Solution B: 2M HEPES (pH 6.6) and
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solution C: hexadeoxyribonucleotides (Pharmacia) suspended in 3mM 
Tris-HCl, 0.2mM EDTA (pH 7.0) at 90 OD units/pl. Solutions A B and C 
were mixed in the ratio 2:5:3 respectively to give OLB. Following 
addition of OLB, 2|il oc-32p_dCTP (lOOOCi/mmol, Amersham) and 2.5 
units of the klenow fragment of DNA polymerase I were added. The 
reaction mixture was incubated for 1 hour at 37° or overnight at room 
temperature. After labelling, 70|il of ‘stop solution’ (20mM NaCl, 20mM 
Tris-HCl pH 7.5, 2mM EDTA, 0.25% sodium dodecyl sulphate - SDS) 
was added to the reaction, followed by lOOpg of high molecular weight 
carrier herring sperm DNA. The probe was then ethanol precipitated and 
washed in 80% ethanol to remove unincorporated a-32p_dCTP, and 
redissolved in 500|il distilled water. A specific activity of >10^ dpm/pg 
DNA was routinely obtained. Probes were boiled for 3 minutes 
immediately prior to use.

2.2.10b Hvbridization

Hybridization reactions were in either Denhardt's solution (0.2% ficoll 
400, 0.2% polyvinyl pyrrolidone - PVP, 0.2% BSA in 3x SSC; Denhardt, 
1966) for colony screening following plate lifts onto nitrocellulose 
filters, or in phosphate/SDS solution (0.5M sodium phosphate, pH 7.2, 
ImM EDTA, 7% SDS; Church & Gilbert,* 1984) for nylon membranes 
following Southern transfer. All hybridizations were performed in sealed 
perspex chambers in a shaking water bath.

Hvbridizations in Denhardt's solution (modified by Jeffreys et a l, 1980).

Filters were pre-hybridized for 30 minutes in complete filter 
hybridization mix (CFHM: Ix Denhardt's solution, 0.1% SDS). Filters 
were then transferred to a minimal volume of CFHM + 6% polyethylene 
glycol (PEG) and the boiled probe and hybridized overnight at 65° with 
gentle shaking. Following hybridization, filters were washed at low 
stringency as described in section 2.2.10c.

Phosphate/SDS hvbridization

Filters were pre-hybridized in 0.5M sodium phosphate, pH 7.2, ImM  
EDTA, 7% SDS for 10 minutes, and then hybridized in a fresh aliquot of
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the same solution plus the boiled probe. Hybridizations were at 65^ with 
gentle shaking overnight, except for MSI internal mapping experiments 
(chapter 4), where hybridization time was reduced to 3 hours.

2.2.10c Post-hvbridization washing

Following hybridization, filters were washed at low (Ix SSC, 0.1% SDS), 
intermediate (0.5x SSC, 0.05% SDS) or high (O.lx SSC, 0.01% SDS) 
stringency, according to the requirements of the experiment. Several 
washes were performed at 65° until the level of radioactivity stabilized, 
as monitored by a hand-held Geiger counter (Series 9000 mini-monitor. 
Mini Instruments Ltd., Essex).

2.2.lOd Autoradiographv

Filters were placed in autoradiographic cassettes separated from a sheet 
of Fuji RXlOO X-ray film by a sheet of aluminium foil. Exposures were 
at room temperature or -80° for 1 hour to 14 days depending on the 
strength of the signal. Exposures at -80° were in the presence of an 
intensifying screen. Densitometric scanning, when required, was done 
with an Ultrascan Laser Densitometer (LKB).

2.2. lOe Stripping filters for rehvbridization

Filters required for rehybridization with a different probe were first 
stripped in 0.4M NaOH for 5 minutes at 65°, and then neutralized in O.lx 
SSC, 0.1% SDS, 0.2M Tris-HCl pH 7.5 for 5 minutes.

2.2.11 M l3 and phagemid cloning

Following restriction endonuclease digestion, gel purified DNA 
fragments were ligated into the multiple cloning site of the chosen vector 
(M 13mpl8 orl9 , Yanisch-Peron et a l,  1985 or pBluescript II KS+ or 
SK+, Short et al., 1988) which had been linearized with the appropriate 
restriction enzyme, CIP-treated and gel purified (see sections 2.2.3, 2.2.4 
and 2.2.8). The M l3 library described in chapter 5 was constructed
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following ligation of 20ng of insert DNA into 200ng of M13mpl8 DNA 
in a lOOjil reaction.

2.2.12 Transform ation of E. coli with recombinant vector D N A  
(Hanahan, 1983)

2.2.12a Generation of competent cells

A 5ml culture of E, coli NM522 (Gough et al., 1983) was grown at 3?o 
overnight in Luria broth (LUB: 1% w/v Difco bacto tryptone, 0.5% w/v 
Difco bacto yeast extract, 0.5% w/v NaCl). 0.5ml was diluted 1 in 100 
with fresh LUB and grown to mid-log phase (A^oo -0.45). Cells were 
pelleted in a microfuge tube at 12,000 rpm for 30 seconds, the 
supernatant removed, and the cells resuspended in 0.5ml of MR (lOmM 
MOPS pH 7.0, lOmM RbCl). The cells were pelleted as before, 
resuspended in 0.5ml MRC (lOOmM MOPS pH 6.5, lOmM RbCl, 50mM 
CaCU), and placed on ice for 30 minutes. Following this, the cells were 
again pelleted and finally resuspended in 0.15ml MRC. Cells were held 
on ice prior to use.

2.2.12b Transformation

5jil of ligated DNA and 3p,l of dimethyl sulphoxide (DMSO) were added 
to the competent cells, and the cells left on ice for 1 hour. Cells were 
heat-shocked at 55° for 35 seconds, cooled on ice and then held at room 
temperature. 200pl of log-phase cells, lOjil of 25mg/ml BCIG (in 
form amide) and lOjil 25 mg/ml IPTG were added. This mixture was 
transferred to a glass test-tube, 3ml of molten (50°) BTL (1% w/v BBL 
trypticase, 0.5% w/v NaCl, 0.25% w/v MgS0 4 .7H2 0 , 0.6% w/v Difco 
agar) added, and the mixture poured onto a base of Luria agar (LUA: 
1.5% w/v Difco agar, 1% w/v Difco bacto tryptone, 0.5% w/v Difco 
bacto yeast extract, 0.5% w/v NaCl). Plates were incubated at 37® 
overnight.

2.2.13 M l3 librarv screening

Plate lifts onto nitrocellulose filters (Amersham) were by the method of 
Benton & Davis (1977). A filter was placed on the surface of each plate
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using sterile forceps. Holes were punched around the edge of the filter 
with a sterile needle and the pattern of holes reproduced on the underside 
of the plate with a red-hot needle for purposes of orientation. After 5 
minutes the filter was carefully lifted off the plate and floated phage-side 
down in 1.5M NaCl, O.IM NaOH for 1 minute. The filter was then 
submerged in 2x SSC, 0.2M Tris-HCl (pH 7.5) for 1 minute, and blotted 
dry on 3MM paper. Filters were then baked at 80® for 3-4 hours prior to 
hybridization. Library plates were frequently stored for several weeks at 
40 following lifts.

2.2.14 Second-round screening

Positive plaques were picked from the library plates using a sterile 
pasteur pipette and deposited in 1ml of phage buffer (6mM tris-HCl pH
7.2, lOmM MgS0 4 , 0.005% gelatin). lOOjil aliquots of 104, 10^ and 10^- 
fold dilutions of this stock were mixed with lOOjil of log-phase NM522 in 
LUB and incubated at room temperature for 15 minutes. 3ml of molten 
BTL was added, and the cells plated onto a base of LUA. Plates were 
incubated at 37° overnight. Plates of suitable plaque density were lifted 
onto nitrocellulose as above and hybridized. Single well separated 
positive plaques were picked into 1ml of phage buffer and stored at 4°.

2.2.15 Recovering single-stranded DNA from recombinant M l3 phage

Plaques resulting from recombinant phage were picked into 1ml of phage 
buffer. 0.5ml of a culture of NM522 which had been grown at 37° 
overnight in LUB was diluted 1 in 100 into fresh LUB. 1.5ml of the 
diluted NM522 was mixed with 0.1ml of phage suspension in a large 
capped test-tube and shaken vigourously for 5-6 hours at 37°. The culture 
was transferred to a microfuge tube and spun for 10 minutes at 15,000 
rpm. 1ml of supernatant was removed to a fresh tube, and the phage 
precipitated by the addition of 200jil of PEG 6000, 2.5M NaCl followed 
by incubation at 4o for 15 minutes. Phage particles were pelleted by 
centrifugation at 15,000 rpm for 10 minutes. Following removal of all 
traces of supernatant, the phage particles were resuspended in lOOjil of 
I.IM  sodium acetate (pH 7.0). The protein component of the phage 
particles was removed by adding an equal volume of phenol/chloroform 
(phenol, chloroform, isoamyl alcohol and 8-hydroxyquinoline in the ratio
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100: 100: 4: 1, saturated with Tris-HCl pH 7.5) and emulsifying by 
mixing vigo rously. The two layers were separated by centrifugation at 
15,000rpm for 5 minutes and the upper aqueous layer removed. To 
maximise recovery the phenol layer was re-emulsified with a second 
aliquot of 1.1 M sodium acetate which was pooled with the first aqueous 
phase after centrifugation. Following ethanol precipitation and a rinse 
with 1ml 80% ethanol, the DNA was redissolved in 25p i of distilled 
water, and stored at -20°.

2.2.16 Introduction of phaeemids into E. coli bv electroporation

Recombinant pBluescript phagemids (Short et al., 1988) were introduced 
into XL 1 Blue (Bullock et al., 1987) by the electroporation method of 
Dower et al. (1988). A 1 litre culture of XL 1 Blue in LUB plus 25pg/ml 
ampiciUin and 12.5pg/ml tetracycline was grown to log phase. The cells 
were sequentially pelleted and resuspended in decreasing volumes of 10% 
glycerol as follows:

1 litre culture: 4000rpm for 15 minutes at 4o> resuspended in 1 litre of 
10% glycerol.

Cells in 1 litre of 10% glycerol: 4000rpm for 15 minutes at 4°» 
resuspended in 500ml of 10% glycerol.

Cells in 500ml of 10% glycerol: 4000rpm for 15 minutes at 4°, 
resuspended in 20ml of 10% glycerol.

Cells in 20ml of 10% glycerol: 4000rpm for 15 minutes at 4°, 
resuspended in 2ml of 10% glycerol.

Ligated DNA was precipitated with ethanol to remove salts and 
redissolved in distilled water, and 40pl of cells plus 5pi ligated DNA 
were subjected to an exponential pulse of 1.5kV (with a capacitance of 
2 5 pF  and a parallel resistance of 940D) in a cuvette with a 2mm 
electrode gap, in a Bio-Rad Gene Puiser. (The time constant was 
approximately 20 milliseconds). After electroporation, the cells were 
shaken in 1ml SOC (2% w/v Difco bacto tryptone, 0.5% w/v yeast 
extract, lOmM NaCl, lOmM MgCU, lOmM MgS0 4 , 20mM glucose;
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Hanahan et al., 1983) at 37® for 30 minutes, pelleted by centrifugation at 
ISOOOrpm for 30 seconds, resuspended in 50pl SOC and spread onto 
LUA plates containing 25pg/ml ampicillin, 12.5pg/ml tetracycline, 
25 |ig /m l BCIG and 25pg/m l IPTG. Plates were incubated at 37° 
overnight.

2.2.17 Recovering single-stranded DNA from recombinant phagemids

The XL 1 Blue colony containing the recombinant phagemid (pBluescript 
KS+ or SK+) was picked from the plate surface and grown in 5ml LUB 
plus 25pg/ml ampicillin and 12.5pg/ml tetracycline for approximately 6 
hours. A further 3ml of LUB/tetracycline/ampicillin was inoculated 
with enough of these cells to give an OD of approximately 0.05 (typically 
a 10-fold dilution). Following dilution, the cells were grown for a 
further hour (to an OD of about 0.1) and VCSM13 helper phage 
(Stratagene) added at low multiplicity of infection (-1:10: lOpl of a 
1x10^ pfu/ml solution). The culture was grown overnight at 37° with 
vigo rous shaking. The following morning, the culture was heated to 65° 
for 15 minutes and the cell debris pelleted by centrifugation at 
15,000rpm in a microfuge for 10 minutes. The supernatant was 
transferred to a fresh tube and the phage precipitated and DNA prepared 
as for M l 3 (see above).

2.2.18 Polvmerase Chain Reaction (Saiki et al., 1988).

2.2.18a General PCR protocol

PCR amplifications from genomic DNA were generally performed in a 
lO jil reaction mix comprising 45mM Tris-HCl (pH 8.8), llm M  
(NH4)2S04, 4.5mM MgCU, 6.7mM 2-mercaptoethanol, 4.5jiM EDTA, 
ImM  dATP, ImM dCTP, ImM dGTP, ImM dTTP, 113|ig/ml BSA, IjiM  
of each primer and 1 unit of Taq polymerase. Reaction mixtures were 
overlaid with paraffin oil in a 0.5ml microfuge tube and amplifications 
carried out in either a Perkin-Elmer Cetus DNA thermal cycler (Perkin- 
Elmer Cetus, Connecticut, USA) or a Techne programmable Dri-block 
PHCl (Techne, Cambridge). Amplimer sequences and parameters for the 
various loci amplified are given in table 2.2. Following amplification, 
PCR products were analysed by gel electrophoresis and ethidium staining,
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Table 2.2. PCR parameters. *followed by two chases of 67° for 1 minute, 
70° for 10 minutes. (Continued overleaf).
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or by Southern hybridization. All PCR reactions were performed in 
conjunction with zero DNA controls, which consistently gave no product.

2.2.18b Generation of DNA for sequencing bv PCR

To generate further DNA for sequencing, MS32 and MSI (chapter 3), 
PCR products were re-amplified by seeding a 50|il reaction mixture (as 
above) with Ip l from the initial reaction, and cycling at 95° for 1.5 
minutes, 6?o for 1.5 minutes and 70^ for 3 minutes (Techne Dri-block). 
Cycling was continued until l-2 |ig  of product was generated (typically 
15-20 cycles). Following gel purification, this DNA was sequenced 
directly using the protocol of Winship (section 2.2.19b) or used as a 
substrate for the generation of single-stranded DNA (see below). AUeles 
of simple repeat sequence GGAA.6 were simply amplified from genomic 
DNA as described in table 2.2, and sequenced directly following gel 
purification.

2.2.18c Generation of single-stranded DNA bv PCR

200-500ng of gel-purified PCR product was used as a template for 
generating single-stranded DNA using a single primer in a further 50jil 
reaction performed as above. After ether extraction to remove paraffin 
oil, the single-stranded DNA was precipitated by adding 5M ammonium 
acetate to a final concentration of 2M, followed by an equal volume of 
isopropanol and chiUed at -80° for 5 minutes. This allows precipitation of 
DNA in the absence of dNTPs (Maniatis e ta l . ,  1982). Following 
centrifugation in a microfuge (15,000rpm for 10 minutes) and vacuum 
drying, the DNA peUet was redissolved in 7jil of distiUed water.

2.2.18d Generation of a d(C-dA)n (dG-dT)n probe bv PCR

2pg aliquots of (AC) 12 and (TG)i2 oligonucleotides were independently 
kinased and ligated in 20|il reactions as described in sections 2.2.5 and 
2.2.6. Ijil aliquots were then used as a substrate in a lOjil PCR reaction. 
Out of register annealing during PCR generated products several 
kilobases in length, which were gel-purified (section 2.2.8) and used to 
screen an M l3 library (chapter 5) following random oligonucleotide 
priming (section 2.2.10a).
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2.2.19 DNA sequencing 

2.2.19a Sequencing reactions

Single-stranded M l3 and phagemid DNAs, and single-stranded DNA 
generated by PCR were sequenced by the chain termination method of 
Sanger et al. (1977) using the sequenase protocol (USB) with T7 DNA 
polymerase (Tabor & Richardson, 1987). l-2pg of DNA was mixed with 
2ng the appropriate primer (M l3 universal 17-mer, pBluescript SK or 
KS primer, or the opposite PCR primer to that used for generation of the 
template) in sequencing buffer (40mM Tris-HCl pH 7.5, 20mM MgCl2, 
50mM NaCl) in a total volume of lOpl. Template and primer were 
annealed by heating to 65^ for 2 minutes in a water bath and allowing to 
cool to room temperature over a period of 0.5-1 hour. To the annealed 
template primer, the following were added: Ip l O.IM DTT, 2p.l labelling 
mix (1.5pM dCTP, 1.5{iM dGTP, 1.5jiM dTTP), 0.5pl [a-35S]dA T P  
(10|iCi/|il) and 2 units of T7 DNA polymerase (Pharmacia). This mixture 
was incubated for 5-10 minutes at room temperature, and then divided 
equally into four 2.5p.l aliquots of termination mixes:

T: 80|iM dATP, 80jiM dCTP, 80pM dGTP, 80pM dTTP, 8|iM ddTTP, 
50mM NaCl.

C: 80pM dATP, 80|iM dCTP, 80^M dGTP, 80pM dTTP, 8p.M ddCTP, 
50mM NaCl.

G: 80pM dATP, 80|iM dCTP, 80^M dGTP, 80jiM dTTP, 8pM ddGTP, 
50mM NaCl.

A: 80^iM dATP, 80pM dCTP, 80jiM dGTP, 80pM dTTP, 8|iM ddATP, 
50mM NaCl.

The reaction temperature was elevated to 37o, and incubation continued 
for a further 10 minutes. 4pl of stop solution (95% formamide, 20mM 
EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol) was added to 
each termination reaction, and the reactions stored at -20® prior to 
electrophoresis.
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2.2.19b Sequencing double-stranded PCR products

Double-stranded gel purified PCR products were sequenced using ̂ e  
modified sequenase protocol described by Winship (1988). 0.2pmol of 
template DNA (-lOOng for a 500bp template) was mixed with lOpmol of 
primer in 40mM Tris-HCl pH 7.5, 20mM MgClz, 50mM NaCl, 10% 
DMSO in a total volume of 6jil. Template and primer were annealed by 
boiling for 3 minutes and immediately cooling in a dry ice/IMS bath. 
After thawing at room temperature, 4pl of a solution comprising 0.5pl 
[ a -35S]dATP, 0.025M DTT and 2 units of T7 DNA polymerase was 
added to the template-primer, and the resulting mixture divided equally 
into 2|il each o f ‘T ’ ‘C’ ‘G’ and ‘A’ mix:

T mix: 50mM NaCl, 10% DMSO, 80pM dCTP, 80|iM  dGTP, 80|iM  
dTTP, 8pM ddTTP.
C mix: 50mM NaCl, 10% DMSO, 80jiM dCTP, 80piM dGTP, 80|iM  
dTTP, 8pM ddCTP.
G mix: 50mM NaCl, 10% DMSO, 80pM dCTP, 80|iM  dGTP, 80|iM  
dTTP, 8|iM ddGTP.
A mix: 50mM NaCl, 10% DMSO, 80pM dCTP, 80pM  dGTP, 80|iM  
dTTP, 0.08pM ddATP.

These reactions were incubated at 37° for 5 minutes, after which 2jil of 
chase mix (50mM NaCl, 10% DMSO, 0.25mM dATP, 0.25mM dCTP, 
0.25mM dGTP, 0.25mM dTTP) was added to each reaction. Incubation 
was continued for a further 5 minutes, and 4pl of stop mix added. 
Reactions were stored at -20o prior to electrophoresis.

2.2.19c Sequencing polvacrvlamide gel electrophoresis

6% polyacrylamide gels containing 8M urea with a buffer gradient of 
0.5-2.5x TBE were used. Gels were 0.4mm thick, poured between two 
glass plates -400 x 330mm. Gels were warmed by running at 2000 volts 
for 15 minutes prior to loading. Samples were denatured by boiling for 3 
minutes or alternatively by heating to 80° in an oven for 10 minutes 
prior to loading; 2.5|il of each sample was loaded per well. Gels were 
run at 1500-2000 volts initially, until the plates had warmed to 50-60°, 
after which the voltage was reduced to -1200 volts. Gels were run until
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the bromophenol blue dye had run off the bottom (-2 .5  hours). To 
resolve sequence >200bp from the primer extension gels with a buffer 
gradient of 0.5-1.5x TBE were used. These were typically run for 6-8 
hours. When the mn was complete, the gels were fixed in 10% methanol, 
10% acetic acid for 10 minutes and transferred to a sheet of 3MM 
blotting paper. Gels were dried under vacuum at 80° for 1-2 hours in a 
Drygel Sr SE1160 (Hoefer Scientfic Instmments, San Francisco).

2.2.20 Computing

DNA sequences were analysed using a VAX 8650 mainframe computer 
operating on VMS 5.3-1, using programs developed at the University of 
Wisconsin (Devereux et aL, 1984). The EMBL DNA sequence database 
was scanned using the FASTN program (Lipman & Pearson 1985). 
Linkage analysis was performed using the LINKAGE programs (Lathrop 
et al., 1985) and the CEPH database version 2. Software for computer 
simulations was written by Professor Alec Jeffreys in VAX BASIC V3.4.
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CHAPTER 3

EVOLUTIONARY TRANSIENCE OF HYPERVARIABLE 
MINISATELLITES IN MAN AND THE PRIMATES
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2.1 Introduction

Multilocus ‘DNA fingerprinting’ probes detect multiple variable loci in a 
wide range of animal species (Jeffreys et al., 1987a, 1987b; Jeffreys & 
Morton, 1987; Wetton et al., 1987; Burke & Bruford, 1987). However, 
little information exists concerning the dynamics of evolution of 
individual hypervariable loci. This chapter describes the use of PCR to 
amplify the primate homologues of two extremely variable human 
minisateUites, MS32 and MSI, in order to explore their ancestral state.

3.2 Human minisatellite MS32

The highly variable human minisatellite MS32 is located interstitially on 
chromosome 1 at lq42-43 (Royle et aL, 1988), and consists of a 29bp 
repeat sequence which has apparently expanded from within a retroviral 
long terminal repeat (LTR)-like element (Wong et aL, 1987, Armour et 
aL, 1989b). The allele length heterozygosity at this locus has been 
estimated at 91.5% (Armour et aL, 1989a), with alleles containing from 
12 to more than 600 repeats.

3.3 Cross-hybridization o f MS32 to primate DNA

To determine whether the MS32 locus is also detectable and variable in 
primates, a cloned Oral fragment of human DNA consisting of the MS32 
minisatellite plus 160 bp of flanking sequence (figure 3.1 A) was used to 
probe A/wI-digested genomic DNA from 4 chimpanzees, 5 gorillas and 2 
orang-utans. Two human samples were also probed for comparison. 
Under conditions of intermediate washing stringency (0.5x SSC, 1% 
SDS, 65°), several apparently monomorphic DNA fragments ranging 
from approximately 0.1 to 2kb were detected, some of which were 
species specific, whereas others were common to more than one species 
(figure 3.2Ai). Such monomorphic fragments were also detected in 
humans, in addition to the variable MS32 locus itself, and presumably 
reflect cross-hybridization of MS32 to other loci in primate DNA. 
(Because 160bp of DNA flanking the minisatellite were included in the 
MS32 probe, it is possible that some or all of the monomorphic loci 
detected may be due to cross-hybridization to other, related, LTRs). 
What appears to be a polymorphic locus is also detected in the gorilla.
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Figure 3.1. Structure of the human MS32 and MSI minisateUite loci and 
positions of PCR primers.
A. MS32. MinisateUite tandem repeats are shown as open boxes. Dashed 
lines indicate multiple tandem repeat units. The LTR-like element in 
which MS32 is embedded is shown as a thick line. The primer sequences 
are: A, 5’-TCACCGGTGAATTCCACAGACACT-3', B, 5 -AAGCTCT- 
CCATTTCCAGTTTCTGG-3’, C, 5’-CTTCCTCGTTCTCCTCAGCCCT- 
AG-3' D, 5 -CGACTCGCAGATGGAGCAATGGCC-3'. Primer D1 is a 
derivative of primer D with the 5’ extension TCACCGGTGAATTC, 
which contains an EcoRl site (underlined).
B. M SI. The primer sequences are: A, 5-GCTTTTCTGTGATGA- 
GCCTTGAT-G-3% B, 5’A-AGAAGCATATGCAACCCATGAGG-3’.
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Figure 3.2. Minisatellite MS32 in primates.
A. Cross-hybridization of human MS32 to ape and monkey DNA. 
Genomic DNA was digested with A lu l, separated by agarose gel 
electrophoresis and Southern blot hybridized with the human MS32 probe 
(figure la).
(i). A t interm ediate stringency, human MS32 detects several 
monomorphic DNA fragments in Alul-digested DNA from the great 
apes. In addition, a variable locus is detected in gorilla DNA. No variable 
loci are apparent in either chimpanzee or orang-utan DNA. Two human 
DNAs are shown for comparison.
(ii). A similar profile is obtained with Old World and New World 
monkey DNAs.
B. Detection of the primate MS32 locus by PCR amplification followed 
by hybridization with the human MS32 probe.
(i). PCR amplification shows that MS32 is a monomorphic locus of 
approximately 600bp in the great apes. lOOng of genomic DNA was 
amplified for 15 cycles using primers A and B (figure lA). Two human 
DNAs were amplified for comparison (note that the first human has an 
allele which is too large for PCR amplification (>10kb), hence only the 
smaller allele appears).
(ii). Similarly, PCR amplified MS32 in a range of Old World monkeys is 
a monomorphic locus of about 600bp. Amplifications were performed as 
above, but with primers C and B, rather than A and B. There is a slight 
size difference between the Cercopithecines (rhesus -> mangabey) 
monkeys and the colobus monkey. Amplification of MS32 in the baboon 
is poor, probably due to primer mismatches.
(iii). The PCR product generated from the South American owl monkey 
represents an apparently monomorphic locus of 1.1 kb. Amplifications 
were performed as above, but with primers A and D, rather than A and
B. The locus has amplified poorly in the third individual, for unknown 
reasons.
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with allele sizes of about 2.5, 3 and 5kb. No variable bands were detected 
in either the chimpanzee or the orang-utan, suggesting that MS32 is either 
monomorphic in these species, or has polymorphic alleles of less than 2kb 
which are obscured by the ladder of monomorphic DNA fragments.

Under the same conditions, MS32 generates similar hybridization patterns 
in a selection of both Old World and New World monkeys, with several 
monomorphic DNA fragments ranging from approximately 0.1 to 2kb 
and no obvious detection of variable loci (figure 3.2AÜ). No cross
hybridization to prosimian (lemur or dwarf lemur) DNA was observed 
at this hybridization stringency (not shown).

3,4 Amplification o f the primate MS32 locus by PCR

In order to establish which if any of the DNA fragments detected in great 
ape DNA by the human MS32 clone represented the MS32 locus in these 
species, the locus was amplified by PCR. Several primers have been 
synthesized for PCR amplification of human MS32 (figure 3.1A). To 
amplify this locus in the great apes, the most distal human primers A and 
B were used. Both lie outside ± e  putative LTR. The amplified alleles 
were detected by Southern blot hybridization using the human Dra 1 
MS32 probe which lies entirely within the amplification primers. PCR 
revealed that MS32 in the chimpanzee, gorilla and orang-utan is an 
apparently monomorphic locus with a length of about 600bp (between 
primers A and B) in all three species (figure 3.2Bi). The variable DNA 
fragments detected by MS32 in the Southern blot hybridization of gorilla 
genomic DNA were not amplified and presumably represent a second, 
cross-hybridizing minisatellite similar in sequence to MS32.

MS32 failed to amplify in both the Old World and New World monkeys 
using primers A and B (not shown). However, by replacing primer A 
with primer C (see figure 3.1 A) successful amplification of MS32 in the 
Old World monkeys was achieved (figure 3.2BÜ). Again the locus was 
found to be monomorphic, though slightly larger than the great ape MS32 
allele in the Cercopithecine monkeys (gelada, mangabey, baboon and 
macaque). The black and white colobus monkey, a representative of the 
Colobinae, was found to have the same size allele as the great apes.
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Although successful in amplifying MS32 in the Old World monkeys, the 
primer combination of C plus B failed to amplify the locus in New World 
monkeys (not shown). However, primer A coupled with primer D 
resulted in successful amplification of a 1.1 kb apparently monomorphic 
locus in the South American owl monkey (figure 3.2Biii). Incidentally, 
this primer combination would not allow the amplification of MS32 in the 
Old World monkeys. Subsequent DNA sequence analysis revealed that 
primer D has critical mismatches with the Old World monkey sequences 
at its 3' end, whereas the primer C sequence is heavily diverged between 
human and owl monkey. Attempts to amplify MS32 from prosimian DNA 
(lemur and dwarf lemur) were completely unsuccessful with all 
combinations of primers (not shown).

5.5 DNA sequence organization o f MS32 in primates

MS32 alleles were further amplified from primates to the stage where 
PCR products could easily be visualized on an ethidium-stained gel 
(figure 3.3). The sequence of MS32 in the chimpanzee, gorilla, orang
utan, rhesus macaque and colobus monkey was determined by direct 
sequencing of these PCR products (figure 3.4). The larger PCR product 
from the owl monkey was sequenced by re-amplifying with primers A 
and D l, cleaving with EcoRI and cloning into the EcoRL site of M13mpl9 
(Yanis-Perron et al., 1985); primer A has a natural EcoRI site while 
primer D l is a longer version of primer D with an EcoRI site engineered 
into an additional 5’ extension (figure 3.1 A legend).

In man, MS32 consists of a 29bp tandem repeat, with almost aU repeat 
units virtually identical, other than a T->G transversion which occurs in 
approximately two thirds of the repeat units (Wong et aL, 1987, Jeffreys 
et al. 1990). The penultimate repeat unit has fairly extensive base 
substitutions at its 3' end, and is 4bp longer than a ‘standard’ repeat, due 
to an additional CGGG motif near its 5' end. The final repeat unit is 
heavily diverged, but is homologous to the first 20bp of a standard 
repeat, showing a 13/20 match, with 6 of the 7 mismatches being 
transitional base substitutions (figure 3.4).

The great apes have just two complete repeat units, the first of which is 
identical to the repeat unit which makes up the majority of the human
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Figure 3.3, PCR-amplifîed primate MS32 alleles. PCR products shown in 
figure 3.2B were re-amplified for 15 cycles and electrophoresed through 
a 1% agarose gel in TAE with ethidium bromide. The size discrepancy 
between the rhesus monkey and the other Old World primates is clearly 
visible.
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Figure 3.4. DNA sequence organization of the MS32 locus in primates. 
Sequences are aligned, with gaps (.) introduced to improve alignments. 
Base changes from the consensus are shown in bold type. The 
minisateUite is shown in uppercase with an arrow over each tandem 
repeat. A duplicated region downstream of the minisateUite in the rhesus 
monkey (see figure 3.5) is underlined. Uncertainties in the colobus 
sequence are denoted by ‘n ’. The extra sequence upstream of the 
minisateUite in the owl monkey is shown, and PCR prim er A is 
underlined in the human sequence.
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minisatellite. The second repeat is similar to the variant penultimate 
repeat in the human array, but lacks the additional CGGG sequence and 
thus maintains the 29bp periodicity which is characteristic of the rest of 
the human minisateUite. The heavily diverged, 20bp final repeat unit 
which terminates the human minisateUite also completes MS32 in the 
apes. The orang-utan has a 6bp duplication immediately preceding the 
minisateUite. This duplication is not present in man, the chimpanzee or 
the gorilla. Other than this small duplication in the orang-utan, the 
overall arrangement of the DNA flanking the minisateUite in the great 
apes is identical to that in man.

The MS32 minisateUite has the same arrangement in the rhesus macaque 
and the black and white colobus as in the great apes. However, as noted 
above, the rhesus monkey, and all other Old World monkeys typed bar 
the colobus, give a slightly larger PCR product than the great apes. This 
is due to 45bp of extra sequence downstream of the minisateUite which 
appears to have arisen through a duplication in the Cercopithecines of a 
60bp stretch of DNA, followed by a deletion of 15bp from the centre of 
the duplicated segment, resulting in a net gain of 45bp (figure 3.5).

The sequence of MS3 2 in the South American owl monkey reveals that 
the minisateUite has three complete repeat units, rather than the two seen 
in the great apes and Old World monkeys. It has the same gross structural 
characteristics as a human MS32 aUele: two similar repeat units, a variant 
penultimate repeat unit, and a heavily diverged 20bp final repeat unit. 
Unlike the human minisateUite, the standard repeat units are not identical 
but have accumulated a considerable number of base substitutions (figure 
3.4).

The main reason for the greater length of the PCR product from the owl 
monkey when compared to the Old World monkeys and apes is the 
presence of approximately 600bp of additional sequence between the 
priming site of primer A and the beginning of the LTR. Homology 
between the owl monkey and human sequences ends abruptly at the 5' 
boundary of the LTR, and is not regained as primer A is approached, 
suggesting that primer A was fortuitously annealing to a site 600bp 
upstream of the LTR, rather than at the intended priming site (20bp 
upstream of the LTR in humans).
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Figure 3.5. A duplication/deletion event downstream of MS32 in the 
rhesus monkey. The extra 45bp of sequence downstream of MS32 appears 
to have arisen as shown; duplication of the sequence ABC gives the 
tandem repeat ABCA'B'C, and subsequent deletion of B', followed by 3 
base substitutions in C, gives the observed ABCA'C.
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3.6 Elevated sequence divergence in the DNA regions flanking MS32

Inter-species DNA sequence divergence estimates for the DNA region 
flanking the MS32 tandem repeat (figure 3.4) are given in table 3.1. 
Comparisons of these divergences with corresponding estimates from 
thermal stability measurements (Sibley & Ahlquist, 1987) and from non
coding sequences spanning the T)-globin pseudogene locus (Goodman et 
al., 1990) show an elevated level of MS32 divergence for all inter-species 
comparisons.This elevation is highly significant for comparisons between 
Hominoidea, Cercopithecoidea and Ceboidea, and suggests an elevated 
level of base substitutions around the MS32 minisatellite locus compared 
with that seen in the unique sequence component of the human genome 
(from thermal stability measurements) or the T)-globin locus (from DNA 
sequence analysis).

3.7 The human minisateUite MSI

The human MSI minisateUite is located on chromosome 1 at lp33-35 
(Royle et al., 1988) and consists of a 9bp tandem repeat with the number 
of repeats ranging from approximately 140 to 2500, and an aUele length 
heterozygosity estimated to be >99% (Wong et al., 1987; Jeffreys et al., 
1988). MSI is the most variable and unstable human minisateUite isolated 
to date, with a spontaneous germline mutation rate to new length aUeles 
of approximately 0.05 per gamete (Jeffreys et al., 1988).

3.8 Cross-hybridization o f MSI to primate DNA

A cloned A vail fragment of human DNA consisting of the MSI 
minisateUite plus 45bp of 3' flanking sequence (figure 3.IB) was used to 
probe Alul digested DNA from a range of primates (figure 3.6A). Under 
conditions of intermediate washing stringency (0.5x SSC, 1% SDS, 65°) a 
complex pattern of hybridizing DNA fragments was detected, rendering 
the identification of allé les derived from the MSI locus difficult in all 
species other than man.
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Table 3.1. Elevated sequence divergence in the regions flanking 
m inisatellite MS32. For inter-species comparisons, the following 
abbreviations were used: H, human; C, chimpanzee; G, gorilla; O, orang
utan; Homi, Hominoidea; Cere, Cercopithecoidea (rhesus, colobus); Cebo, 
Ceboidea (owl monkey). Inter-species MS32 distances were estimated by 
pairw ise comparisons of all available DNA sequences flanking 
minisateUite MS32 (figure 3.4), and are calculated as the total number of 
substitutions plus gaps divided by the total number of shared nucleotide 
positions plus the total number of gaps, without correction for 
superimposed substitutions. AT50H indicates median sequence divergence 
estimated from thermal stability measurements (Sibley & Ahlquist, 1987). 
Uncorrected divergences for a 10.8kb non-coding segment spanning the 
\j/T]-globin pseudogene locus are taken from Goodman et al. (1990). The 
ratio of the MS32 to \j/T|-globin divergence is given together with the 
significance of the deviation between MS32 and YTj-globin divergences, 
estimated from the test.
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Figure 3.6. Minisatellite MSI in primates.
A. Cross-hybridization of human minisatellite MSI to primate DNA. 
Genom ic DNAs were digested with A lul, separated by gel 
electrophoresis and Southern blot hybridized with the human MSI probe 
(figure lA ). At intermediate stringency, the human MSI probe detects 
several fragments in Alul digested primate DNAs.
B. Detection of the primate MSI locus by PCR amplification followed by 
hybridization with the human M SI probe. On amplifying M SI in 
primates by PCR, it becomes clear that the locus is short and shows 
minimal variability in the great apes, but is apparently highly variable 
between some Old World monkey species, and polymorphic within at 
least one species (the mangabey). Experimental procedures were as for 
MS32.
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3.9 Amplification o f the primate MSI locus by PCR

To identify MSI alleles in genomic DNA, this locus was amplified by 
PCR, again using primers based on the human flanking DNA sequence 
(figure IB), and detected by Southern hybridization using the human MSI 
probe described above (figure 3.6B). Like MS32, MSI appeared to be a 
short, monomorphic locus in the chimpanzee, gorilla and orang-utan, 
although there was a small degree of size variation between species. 
Subsequent analysis of a larger panel of apes revealed that very small size 
differences can occur between different gorilla alleles, suggesting that 
M SI is not completely monomorphic in this species, but can show a 
limited degree of length variability (figure 3.7).

In contrast to the great apes, the Old World monkeys had MSI alleles 
which were variable between species, and also appeared to show 
polymorphism within some species. This is particularly evident in the 
mangabey; two presumptive alleles of different length can be seen. No 
amplification products could be obtained from New World monkey or 
prosimian DNAs (not shown).

3.10 DNA sequence organization o f MSI in primates

As for MS32, the structure of MSI in the chimpanzee, gorilla, orang-utan 
and colobus monkey was determined by sequencing of PCR products. In 
addition, eight of the smallest human MSI alleles detected in the CEPH 
panel of large families were amplified (figure 3.8), cloned and the 5' and 
3’ regions of the minisateUite sequenced. The overaU arrangement of the 
minisateUite and immediate flanking sequence was identical in all species 
analysed, with each species having multiple copies of the consensus 
CCCTATCCA minisateUite repeat sequence with variant repeat 
monomers arising due to base substitutions. By assigning a letter code to 
each variant repeat, the repeat unit array of each minisateUite allele could 
be encoded as an alphabetical string (figure 3.9).

Comparison of the encoded allele structures of the eight human alleles 
shows a fairly stable 5' cluster of seven repeat units (ABCDEAC), with 
m inor variation between alleles, and a highly stable 3’ end 
(AACKMKKJBBL). Internally, the alleles are comprised primarily of
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Figure 3.7. PCR-amplifîed ape MSI alleles. PCR products shown in 
figure 3.6B were re-amplified for 15 cycles and electrophoresed through 
a 4% agarose gel (3 parts nusieve, 1 part HOT) in TBE with ethidium 
bromide. Two alleles are distinguishable in the gorilla, the first two 
individuals clearly being heterozygotes.
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Figure 3.8. Small human MSI alleles, PCR amplified. 8 of the smallest 
M SI alleles, originally identified in the CEPH panel of large families by 
Southern hybridization, were PCR amplified for 30 cycles (from lOOng 
of genomic DNA) and the products electrophoresed through a 1% 
agarose gel in TAE with ethidium bromide.
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Figure 3.9. MSI variant repeats and allele structures.
A. 19 variations on the MSI 9bp repeat unit sequence are listed, with base 
changes from the consensus (con) shown in lower case. Each variant is 
assigned a letter code.
B. M SI alleles from man, chimpanzee, gorilla, orang-utan and colobus 
monkey, written according to the letter code assigned to variant repeats. 
The origin of each of the short human alleles analysed is given: F = 
French, M = Mormon. Stable 5' and 3' haplotypes are shown in bold 
uppercase, with these and other related sequences joined by vertical lines. 
Gaps (.) have been introduced in the chimpanzee, gorilla and orang-utan 
alleles to improve alignments. A higher-order tandem repeat in the 
colobus allele is marked by arrows. (A/C)n denotes multiple A and C type 
repeats presumed to constitute the bulk of the human minisatellite; (X)n 
denotes multiple repeat units of unknown sequence at the centre of the 
colobus minisatellite. The number of repeats in each allele is given; for 
the human and colobus alleles, the number of repeats was estimated from 
the size of the PCR product.
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intermingled clusters of A- and C-type repeat units, which differ by a 
single base transition, with extreme variation between alleles in the order 
of A- and C-type units along the allele. No significant inter-allelic 
alignment of these internal variant repeat maps is evident, despite the fact 
that these alleles are all of similar length. This is in marked contrast to 
alleles at MS32 at which internal maps can show clear inter-allelic 
homologies (Jeffreys et a l,  1990). Several alleles show B-type repeat 
units extending from the stable 5’ end into the central region of the repeat 
array, before the familiar A/C-type combination of repeats commences. 
One unusual allele (no. 6) has A, K and M repeat units, rather than A/C, 
at the 3' end of the central region; this allele also has unique haplotypes in 
the stable 5' and 3’ regions.

The chimpanzee, gorilla and orang-utan have 18, 21 and 15 repeat units 
respectively at MSI in the individuals studied (figure 3.9). There is 
considerable repeat unit sequence variation in all species, although 
shortened versions of the stable 5' and 3' human minisatellite regions are 
preserved in chimpanzee and gorilla. Other than the first two and the last 
repeat unit, these stable 5’ and 3' regions are not evident in the orang
utan. No length polymorphism at MSI was detected in the chimpanzee 
and orang-utan individuals tested, consistent with the substantial inter
repeat divergence observed. In contrast, low level polymorphism is 
detected in the gorilla (figure 3.7), which also shows a relatively 
homogeneous central run of B-type repeat units possibly analogous to the 
variable internal region of the human alleles.

Finally, the colobus monkey MSI allele analyzed contains approximately 
84 repeat units. While this allele is composed of repeats of the same 
minisateUite consensus sequence seen in the Hominoidea, there are none 
of the groupings of variant repeat units characteristic of the ends of 
aUeles in man and the African apes. Instead, the colobus allele has many 
unique variants extending a considerable distance into the minisatellite, 
with no evidence for a relatively homogeneous internal region.
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3.11 Discussion

PCR amplification and DNA sequence analysis of primate minisatellite 
loci enable the ancestral states and evolutionary dynamics of human 
hypervariable loci to be explored. Inter-species comparisons of 
minisatellite organization at MSI and MS32 determined in the present 
study are summarised in figure 3.10.

(a) The evolutionarv history of MS32

MS32 has evolved by duplication within a retroviral LTR homologous to 
a haptoglobin associated retro vims-like element (Maeda 1985; Armour et 
al., 1989). The age of the retroviral insertion is unknown, but must have 
predated the divergence of the Cercopithecoidea and Ceboidea 
approximately 35 million years ago. The homology between the MS32 
loci in man and the owl monkey ends abmptly at the 5' boundary of the 
LTR, suggesting that excision of an associated provims has occurred in 
one species but not the other, perhaps by recombination between the two 
retroviral LTRs. Curiously though, neither the human or the owl monkey 
sequence 5’ of the LTR resembles the haptoglobin retrovirus, even 
though 70% sequence similarity exists between the minisateUite and 
haptoglobin LTRs.

The initial duplications of minisateUite repeat units within the LTR also 
predated the divergence of Old World and New World monkeys, and 
presumably generated a short and very stable tandem array consisting of 
two complete and similar repeat units X and Y and a tmncated diverged 
repeat unit Z. This stable monomorphic ancestral state of the human 
locus, XYZ, has remained unchanged in the last 25 million years and is 
found in all great apes and Old World monkey species examined. In the 
South American owl monkey, the MS32 locus is longer (XXYZ); it is not 
known whether this change in repeat copy number has occurred recently 
in this species, or whether it is the relic of other ancient changes in repeat 
copy number early in primate evolution.

In contrast to the stable organization of MS32 in great apes and Old 
World monkeys, this minisateUite has attained extreme variability in man 
over a remarkably short period, subsequent to the divergence of man and
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Figure 3.10. Evolutionary comparisons of minisatellite structure in 
primates. Divergence times are taken from Koop et al. (1986). For M SI, 
the stable 5' and 3’ human haplotypes of variant repeat units are shown by 
diagonally and horizontally shaded boxes respectively. Stippled boxes 
represent a variety of other variant repeats. Dashed lines represent 
multiple internal repeat units. For MS32, the flanking LTR is shown as a 
thick line, preceded by a different sequence in the owl monkey compared 
with other species. T- and A-type repeats are shown as open and crossed 
boxes respectively, and the 3' variant repeats are shaded. The three MS32 
repeat units in great apes and Old World monkeys are referred to in the 
text as XYZ.
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the great apes approximately 7 million years ago (Koop et al., 1986). 
Contemporary human alleles have the structure (X)nYZ, where n = 10 - 
600+, indicating that amplification of repeats in the ancestral allele was 
restricted to the first ancestral repeat unit.

(b) Evolutionarv transience of hvpervariable loci

The question now arises whether the mutation rate to new length alleles at 
MS32 seen in contemporary human populations is sufficiently high to 
have enabled MS32 to evolve high repeat copy number in the last 7 
million years (-700,000 generations), assuming a model of unequal sister 
chromatid exchange in which mutational increases and decreases in copy 
number occur with equal frequency (Jeffreys et al., 1988, 1990). 
Hypothetical pathways of the evolution of a minisatellite are shown in 
figure 3.11. All pathways eventually terminate with an allele containing a 
single repeat unit, which, in the absence of de novo reduplication, should 
be immune to further changes in repeat unit copy number. A minority of 
pathways will show, by chance, a transient phase of high numbers of 
repeat units. Assuming that mutation rate increases with allele length (no 
data yet exist to confirm or refute this suggestion) then the phase of high 
repeat copy number will be associated with high mutation rate and thus 
population hypervariability. To estimate the number of generations 
required to generate, maintain and lose a hypervariable locus, single 
haploid chromosome lineages of MS32 were simulated by computer, 
commencing with two repeat units (program written by Professor. Alec 
Jeffreys). Mutations in repeat copy number were generated with a 
frequency and magnitude governed by current best estimates of MS32 
mutational processes (table 3.2 legend; see Jeffreys et al., 1990), and 
assuming proportionality between allele length and mutation rate. The 
simulation data are summarized in table 3.2.

Contemporary human alleles of MS32 contain on average 200 repeat 
units. If mutation rate is proportional to allele length, then most haploid 
lineages will show alleles slowly drifting around 2 repeat units prior to 
eventual terminal collapse to a single repeat unit, consistent with MS32 
stability in great apes and Old World monkeys. Only one lineage in 250 
will ever attain a transient phase of high (>200) repeat unit copy number. 
MS32 in man, which was experimentally chosen for its hypervariability.
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Figure 3.11. Hypothetical evolutionary pathways of a single haploid 
chromosome lineage of a minisateUite, commencing with 2 repeat units. 
Solid line, a pathway which by chance exceeds a target number of repeat 
units prior to reduction to a single repeat unit, at which point (X) 
variation in repeat unit copy number is assumed to cease. Dotted line, a 
pathway which fails to exceed the target. The foUowing sequential phases, 
in numbers of generations, can be defined along the first pathway, where 
n = number of repeat units: lag, from the start to the last generation at 
which n = 2, prior to n exceeding the target; gain, from the last 
generation where n = 2 until n exceeds the target; dwell, from the first 
generation where n = target to the last when n = target; decay, from the 
last generation with n = target to the first generation at which n is 
reduced to < 2; extinction, from last n = target to n = 1.
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Table 3.2. Computer simulations of the evolutionary dynamics of a single 
haploid lineage of a minisateUite, commencing with two repeat units. 
Phases of the evolutionary pathway are shown in figure 3.11. Simulations 
were performed as foUows. The repeat-unit copy number n of an aUele 
with initially two repeat units was sequentially altered at each generation 
with a probability defined by the mutation frequency ji per generation, 
until n eventually reached 1, at which point no further change in n is 
assumed to occur and the simulation was terminated. Mutation rate was 
assumed to be proportional to array length. Data from minisateUite MS32 
suggest a mutation rate of 0.0014 per gamete for aUeles 150 repeat units 
long (Jeffreys et al., 1990). The mutation rate ji in the simulation was 
therefore defined as 9xlO”̂ (/i-l), whence //=0 when /i= l. M utational 
increases and decreases in n were assumed to occur with equal frequency. 
At each mutation event, n was assumed to increase or decrease by 
between 1 and («-1) repeat units as expected for an unequal exchange 
process. From MS32 mutation data given in Jeffreys et al. (1990), it is 
assumed for all aUeles that the probability at each mutation event of 
gaining or losing precisely i repeat units is given by

z = n - l

f=l

This empirical relation reflects the fact that most mutation events involve 
the gain or loss of a relatively small number of repeat repeat units, and 
was used to select the precise number of repeat units gained or lost at 
each simulated mutation event. The table summarizes data from 100 
simulated lineages where n transiently exceeded the the target number of 
repeats. Standard deviations are given in brackets. For highly skewed 
distributions, median and 95% limit values are also given.
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would therefore represent the product of such a successful lineage. 
Simulated lineages which achieve in excess of 200 repeat units will have 
done so on average within the last 700,000 generations (the ‘gain’ phase, 
figure 3.11; see table 3.2), a period similar to that elapsed since man 
diverged from the great apes. It can therefore be concluded that mutation 
rates at MS32 are sufficiently high to rapidly generate a hypervariable 
locus such as MS32, even under a model of unbiased sister chromatid 
exchange. It is therefore not necessary as yet to invoke additional 
processes, such as saltatory amplification or a mutational bias in favour of 
gains in repeat copy number (Charlesworth et al., 1986; Stephan, 1986, 
1989; Walsh 1987), to account for the rapid evolution of MS32. 
However, uncertainties in mutation rates for the shortest alleles, which 
occupy most of the ‘gain’ phase (figure 3.11) could seriously distort these 
simulation estimates. In addition, very recent data resulting from variant 
repeat analysis of MS32 show that evolution does not occur exclusively 
along haploid lineages, but can occasionally involve inter-allelic 
exchange. Furthermore, there would appear to be a bias in favour of gain 
of repeat units (Jeffreys et al., 1991b).

Single chromosome lineage simulations also make it possible to estimate 
the length of survival of a high copy number state (the ‘dwell’ phase, 
figure 3.11) prior to eventual reduction to a single repeat unit (table 3.2). 
While the lengths of the ‘lag’, ‘gain’, ‘decay’ and ‘extinction’ phases 
(figure 3,11) are relatively insensitive to the target number of repeat 
units, the ‘dwell’ phase shortens dramatically with repeat copy number, 
indicating that an unstable locus such as MS32 will tend to be very 
transient in the genome, typically surviving as a high copy number locus 
for only 10,000 generations. However, further sim ulations on 
populations, rather than single chromosome lineages, are required to 
obtain more detailed estimates of the length of the ‘dw ell’ phase of 
population hypervariability at such loci.

(c) MS32 allele stmcture

Contemporary MS32 alleles in humans consist of arrays of two 
intermingled variant repeats termed A and T, which differ by a single 
base substitution (Jeffreys et al., 1990). The almost complete homogeneity 
of human minisateUite repeat units appears to be due not to concerted
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evolution of an ancient repeat sequence family, but rather to the very 
recent amplification of MS32 in man. The ancestral minisateUite in great 
apes contains only T-type repeat units. Presumably, the earliest stage of 
evolution of the human variable minisateUite involved the expansion from 
TT aUeles in apes to TTT, TTTT etc. At some stage, a base substitution 
occurred which introduced an A-type repeat unit into a (T)n array, 
foUowed by spread of the variant repeats through descendant arrays to 
give the enormous number of different A + T type aUeles currently 
present in human populations. Neither the ancestral TT allele, nor the 
hypothetical descendant TTT, TTTT etc aUeles have yet been detected in 
man (Jeffreys et aL, 1990), implying that these ancestral allelic states have 
become extinct in contemporary human populations.

(d) Evolution of MSI

A simUar evolutionary picture emerges for the human minisateUite MS 1 
(figure 3.10). Again, the tandem repetitive state is ancient, and precedes 
the divergence of great apes and Old World monkeys approximately 25 
miUion years ago. Unlike MS32, minisateUite MSI has attained high 
repeat unit copy number and variability on at least two separate 
occasions, first within recent human evolution and second within some or 
all Old World monkeys. The immediate ancestral state of the human 
minisateUite appears to be the short and relatively invariant locus seen in 
contemporary great apes, although the possibility of a high copy number 
ancestor cannot be excluded. Amplification of MSI in man appears again 
to have occurred very recently, but has involved only the central region 
of the minisateUite, the 5' and 3' regions of the array being largely 
invariant between human aUeles and shared with the short African ape 
aUeles. Similarly, contemporary human polymorphism in the number of 
tandem repeats and the distribution of variant repeats appears to be 
confined to this relatively homogeneous central region, in contrast to 
MS32, where variation in the distribution of A- and T-type repeats can 
extend over the entire minisateUite array (Jeffreys et al., 1990). It is not 
known why there should be such a sharp transition between the stable 5' 
and 3' ends of MSI and the extremely variable central region (figure 
3.9). One possible explanation is that base substitutions in these terminal 
regions interfere with repeat unit turnover via interactions (through
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slippage, unequal crossing over and branch migration at Holliday 
junctions) with the central variable region.

(e) Base substitutions in minisateUite flanking DNA

Human minisateUites are not randomly dispersed in the genome but are 
preferentiaUy localized in sub-telomeric regions, frequently showing 
clustering with other minisateUites and associated with dispersed 
repetitive elements such as Alu, LI and retroviral LTRs; in some cases, 
such as MS32, the minisateUite has amplified from within a retroposon 
(Royle et al., 1988; Armour et al., 1989; Kelly et al., 1990). One 
possibility is that minisateUites mark unstable genomic regions which are 
prone to processes such as minisateUite amplification and retroposon 
insertion. To test whether instability extends to base mutation, we have 
analysed the level of sequence divergence in the region flanking 
minisateUite MS32 (table 3.1). Interestingly, there is a highly significant 
(approximately 50%) elevation of divergence compared with that 
predicted from thermal stabUity and non-coding DNA sequence analysis, 
implying an elevated substitution rate in the region of the minisateUite. It 
is not known whether this increase is specifically associated with 
minisateUite containing regions, or instead reflects shifts in mutation rate 
correlated for example with compositional isochores in the mammalian 
genome (Wolfe et al., 1989).

(f) Other evolutionarv studies of minisateUite loci

Few other studies have focussed on the evolutionary dynamics of 
minisateUite loci. Two polymorphic tandem arrays associated with the 
human \|;Ç-globin gene, a 36bp tandem repeat in the 5' flanking region, 
and a 14bp tandem repeat in the first intron (Goodbum et al., 1983) have 
been examined in apes by Southern blot analysis (Chapman et al., 1981; 
Chapman & Wilson, 1982; Chapman et al., 1985). This revealed a series 
of allele lengths identical in man and the great apes at each locus, 
suggesting that the same sets of aUeles have persisted for millions of 
years. However, sequence comparisons of human and chimpanzee aUeles 
of identical length from the minisateUite in the first intron of the \j/Ç- 
globin gene demonstrated disparity in the arrangement of variant repeat 
units (Willard et al., 1985), possibly due to multiple length changes on
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one or both lineages, or due to gene conversion-type events between 
repeat units. Both \|/Ç-globin associated loci show limited variability; the 
array in the intervening sequence having only 4 alleles with a 
heterozygosity of approximately 65%, and that in the immediate 5' region 
having just 3 alleles and an estimated heterozygosity of 50% (Chapman et 
al., 1985). Consequently these loci do not provide a good comparison 
with the hypervariable loci MSI and MS32, each of which has in excess 
of 40 alleles distinguishable by length (Wong et al., 1987), and probably 
>10% alleles distinguishable by internal stmcture (Jeffreys et al., 1991b). 
Indeed, this finding is in agreement with the hypothesis that minisateUites 
with low variability are more stable and enduring in evolutionary terms 
than highly variable loci, which are by contrast highly transient.

MinisateUite MS29, with what may be described an intermediate level of 
variability in man (9 aUeles with a heterozygosity of 61%) has, like MSI, 
been shown by Southern blotting to be much shorter and relatively 
invariant in the chimpanzee and gorilla (Wong et al., 1990). A more 
thorough evolutionary study has recently been performed on two human 
minisateUites, cMS608 and cMS630 (Armour et al., 1991). cMS608 has 
10 alleles and a heterozygosity of approximately 70% in man, and 
consists of a 67-68bp repeat unit which has expanded from the junction 
point of two Alu elements fused in tandem. The great ape homologue of 
this array, as analysed by PCR, comprises of just the two Alu elements, 
with no evidence of a minisateUite other than an extended polyadenosine 
tail of the stmcture (AAY)n from the 5’ Alu repeat, a feature also 
characteristic of the human locus. Interestingly, a very short allele of just 
3 repeat units is present in man at a frequency of 30% at this locus, 
possibly a persisting relic of the initial amplification events leading to the 
minisateUite, and perhaps suggestive that this hypervariable array is very 
young indeed.

cMS630 consists of an 8bp tandem repeat with a heterozygosity of 84% in 
man, and interestingly shows a bimodal aUele distribution; approximately 
5 aUeles of around 500 repeat units and a further 5 around 100 repeat 
units (Armour et al., 1991). A limited number of chimpanzees and 
goriUas typed at this locus by PCR showed allele distributions similar to, 
but distinct from, that of the smaller human aUeles, implying that the 
variable tandem repeated state is ancient, and that allele frequency
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distributions have altered with species divergence. The larger human 
alleles are likely to be recent, possibly resulting from the generation of a 
single large allele with further smaller mutation events within this allele 
giving rise to the observed secondary distribution.

Finally, W olff et al. (1991) have cross-hybridized 12 human VNTR 
probes to ape DNA by Southern hybridization and found patterns of 
hypervariability versus non-variability between species which appear to 
be random and do not reflect established phylogenetic relationships, in 
agreement with the notion of extreme evolutionary transience of these 
loci. PCR analysis of one such locus (variable in man but monomorphic 
in apes) revealed a single repeat unit in chimpanzee, gorilla and orang
utan, presumably representing the ancestral precursor to the human 
minisateUite.

(g) Conclusion

These studies show that large fluctuations in the degree of polymorphism 
at variable loci can occur over remarkably short evolutionary time 
periods, rendering the ability of single locus minisateUite probes to detect 
informative loci by cross-species hybridization largely unpredictable. 
Furthermore, those loci with the greatest level of variability are likely to 
be short-lived in evolutionary terms, whereas a lower mutation rate 
confers relative stability and a greater chance of cross-species variation. 
Although multilocus ‘DNA fingerprinting’ probes have been shown to 
detect variable loci in a wide range of species, these results suggest that 
the patterns generated by such probes do not necessarily represent 
homologous groups of hypervariable loci in different species, even if 
those species are closely related.
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CHAPTER 4

M APPING VARIANT REPEAT UNITS W ITHIN THE 
M IN ISA TELLITE M SI
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4.1 Introduction

Sequence analysis of cloned minisateUites has shown that the repeat units 
which constitute the tandem array are rarely identical, but frequently 
display sequence variation between repeat units (Owerbach & Aagaard, 
1984; Jeffreys et al., 1985; Wong et al., 1986, 1987; see previous 
chapter). The evidence would suggest that those minisateUites that show 
the greatest level of length variability have the lowest degree of sequence 
variation between repeat units, probably because such arrays are very 
young and have had insufficient time to accumulate variants (see chapter 
3), or alternatively due to higher rates of sequence homogenization 
during mutation to new length aUeles through processes such as unequal 
exchange (Jeffreys et al., 1985). However, repeat unit sequence 
variability has been shown to be present even in the most variable loci 
(Wong et al., 1986,1987; see previous chapter).

With the advent of PCR, it has been possible to explore such inter-repeat 
variation within the minisateUite MS32, dramatically extending the 
number of distinguishable aUeles within the population and giving an 
insight into the processes that generate variability (Jeffreys et al., 1990). 
The initial approach for minisateUite variant repeat (MVR) mapping at 
MS32 involved PCR amplification of minisateUite aUeles from genomic 
DNA foUowed by gel purification. Gel-purified aUeles were then end- 
labelled, divided into two aliquots and partiaUy digested with H in fl, 
which cleaves every repeat unit, and HaeHl', -2/3 of repeat units contain a 
HaelJl site whereas the remainder do not, due to a G ->A transition. The 
two variants are designated a- and t-type. Agarose gel electrophoresis and 
subsequent autoradiography of the resulting fragments produced a ladder 
of bands from which the number of minisateUite repeats could be 
determined, and comparison of H infl and H aelll digests allowed each 
repeat to be scored a- or t-type (Jeffreys et al., 1990). Although a 
powerful technique for studying internal variation at MS32, this method 
was cumbersome, and more significantly was limited to those aUeles 
which could be efficiently amplified by PCR (< 6kb).
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4.2 Internal mapping using repeat-specific PCR primers (Jeffreys et al., 
1991b)

An improvement over the original MVR mapping technique came with 
the realization that a single base mismatch at the extreme 3' end of a PCR 
primer could completely prevent priming under some circumstances 
(Newton et al., 1989). This was exploited to design two PCR primers 
internal to the minisatellite MS32, with the 3' end of each primer 
designed such that priming would be possible from one variant but not 
the other and vice versa. Using an MS32 allele which has been PCR- 
amplified and subsequently gel purified as a template, amplification using 
one or other of the MVR specific primers plus a primer in the DNA 
immediately flanking the minisatellite should generate two sets of 
complementary products, from which the MVR map may be deduced. 
However, progressive shortening of products due to internal priming of 
nascent PCR products by the MVR specific primer would lead to a 
successive ‘fading out' of the MVR map above a limited number of repeat 
units. Consequently, each MVR specific primer has an additional non- 
complementary 5’ extension or ‘tag’; PCR reactions may then be 
performed with a limited concentration of the MVR specific primer and a 
high concentration of the flanking primer and a primer consisting of the 
tag sequence (figure 4.1 A, B). Priming by the MVR specific primer plus 
the flanking primer generates an initial set of products which are 
subsequently amplified by the flanking and tag primers. Shortening of 
products by internal priming is minimized due to the low concentration 
of the MVR specific primer. Agarose gel electrophoresis of the PCR 
products followed by Southern blotting, hybridization with an MS32 
probe and autoradiography gives two com plem entary ladders 
representing an internal map of the minisateUite allele (figure 4.1C). This 
technique is not restricted to gel-purified PCR amplified aUeles, but can 
be applied directly to genomic DNA, to give the two allelic profiles 
superimposed. >60 ‘rungs’ on such a ladder can easily be resolved for 
MS32, to provide a digital (and hence non-subjective) individual-specific 
profile amenable to database storage (A.J. Jeffreys et al., 1991b). The 
foUowing chapter describes the application of this technique to a second 
minisateUite, MSI.
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Figure 4.1. Strategy for mapping internal variation in a single 
minisateUite aUele.
A. A PCR amplimer capable of priming from just one of the two variant 
repeat unit types towards the 3’ end of the minisateUite array is added at 
limiting concentration to a PCR reaction containing the minisateUite 
aUele. A second reaction with an amplimer designed to prime from the 
other variant is also performed. One variant is depicted as an unfilled box 
and the corresponding primer as an unfilled arrow^ whereas the other 
variant is drawn as a fiUed box and the primer as a filled arrow. Each of 
the variant repeat-specific primers has an additional non-complementary 
5 ’ extension or ‘tag’, shown as a thick line.
B. FoUowing generation of single-stranded products of lengths 
corresponding to the internal arrangement of variant repeats, two further 
PCR amplimers, one which is complementary to the immediate 3 ’ 
flanking DNA (thin arrow) and a second consisting of the tag sequence 
(thick arrow), allow generation of a series of heterogenously lengthed 
double-stranded products. This uncoupling of MVR pattern detection 
from subsequent amplification prevents progressive shortening of PCR 
products due to internal priming by the MVR specific primers. In 
practice, stages A and B can be performed as a single reaction which 
includes the flanking sequence primer and the tag primer in conjunction 
with the internal repeat primer at limiting concentration.
C. The products generated from each variant-specific prim er are 
electrophoresed alongside one another through an agarose gel and 
detected by Southern blotting and hybridization with a minisateUite probe 
to give a binary code. When applied to total genomic DNA, the profiles 
of the two aUeles are superimposed, giving a ternary code.
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4 3  Primer design fo r  MVR mapping MSI

As described in chapter 3, MSI is the most variable minisatellite cloned to 
date, with a heterozygosity of >99% based on allele length (Wong et aL, 
1987; Armour et al., 1989). It consists of a 9bp tandem repeat, with two 
common variants apparently making up the variable section of the array 
in most cases. These two variants differ by an A -> G substitution at the 
centre of the repeat unit and are designated A and C-type (see chapter 3). 
Consequently, two 20-mer primers were designed, one for amplification 
from each repeat type toward the 3' end of the minisatellite (figure 4.2). 
As described above, a 20-mer tag sequence was added to the 5' end of 
each variant-specific primer. Due to the limited length of MSI repeat 
units (9bp) it was necessary to introduce redundancy at two positions in 
each primer, to allow for either variant upstream of the repeat unit of 
interest.

4.4 MVR mapping MSI

Varying primer concentration, annealing time and temperature and cycle 
number determined the optimum conditions for MVR mapping as 
follows: a lOpl reaction containing lOOng DNA in the PGR buffer 
described previously (chapter 2, section 2.2.18a) with lOnM repeat 
primer, IjiM  tag primer and lp,M flanking primer B (see chapter 3, 
figure 3.1). Limiting amounts of internal primer are necessary to prevent 
the generation of an excess of short products. Annealing temperature was 
67° and the reaction cycled 18 times with two chases comprising 5 
minutes at 67° and 10 minutes at 7Qo (as described in chapter 2, table 
2.2).

PGR products were electrophoresed through a 40cm 2% agarose (Sigma) 
gel in TBE at 150 volts, alongside (|)X174 x Haeldl markers until the 
118bp marker had run off the bottom of the gel (-15 hours). The DNA 
was then transferred to a nylon membrane (Amersham hybond-N) and 
hybridized with a 32p_iabelled MSI Avail minisatellite fragment (see 
figure 3.1, chapter 3). If all repeat units within the minisatellite were A 
or G-type, 3 states for each position in the internal map would be possible 
for genomic DNA: (i) a band in the A track but not the G track, 
indicating that both alleles have an A-type repeat at this position; (ii) a
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Figure 4.2. Internal repeat primers for mapping variation within M SI. 
Due to the limited length of the MSI repeat unit, each primer overlaps 
two variable positions in repeat units preceding the one to be mapped, 
rendering it necessary to intoduce redundancy at these positions.
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band in the C track but not the A track, indicating that both alleles have a 
C-type repeat at this position; (iii) a band in both lanes, if one allele is A- 
type and the other C-type.

Figure 4.3 shows MSI internal maps from 6 unrelated individuals. It is 
immediately apparent that M SI, like MS32, has a high degree of internal 
variation between alleles, with no two individuals having similar internal 
map profiles. However, many positions in each ladder do not have a band 
in either the A or C track, implying that priming off many repeats is not 
possible with either the A or C amplimer, possibly due to further variant 
repeats within the array. This phenomenon of ‘null’ repeats is particularly 
evident in individuals 1 and 5, which appear to have arrays in both alleles 
consisting predominantly of repeats which are refractory to priming by 
primer A or C. An alternative explanation for null repeats is that the PGR 
conditions are such that primer annealing within the array is stochastic, 
allowing amplification from some repeat units within the array but not 
others on a random basis. However, duplicate reactions containing the 
same input genomic DNA gave the same profiles, suggesting that this is 
not the case (not shown), although the signal from the fainter bands at the 
bottom of the maps may be increased by adjusting the concentration of 
the internal primers. In order to identify any further variant repeats 
within M SI, the 3' ends of alleles containing null repeats were sequenced.

4.5 Identification o f 'null' repeat units within MSI alleles

Internal mapping reactions as described above were performed, but in a 
50jil reaction and with the number of cycles increased to 40. This allowed 
the MVR profiles to be visualized directly in an ethidium stained gel. 
Bands from the internal map ladders which were positioned above ‘null’ 
rungs were gel purified and digested with Avail, which cleaves within the 
3' flanking DNA between the end of the minisatellite and primer B (see 
figure 3 .IB, chapter 3) and also cuts within the tag primer sequence 
(figure 4.2). Following filling in of the 3’ overhangs with the klenow 
fragment of DNA polymerase I, these 3’ ends of MSI alleles were cloned 
into the S m a l  site of M 13m pl8 (Yanisch-Perron et al., 1985) and 
sequenced. (Attempts to directly sequence double-stranded PGR products 
failed, possibly as a result of rapid reannealing of the template strand 
with its complement due to the simple repeated nature of MSI).
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Figure 4.3. Internal maps of MSI from 6 unrelated individuals. ‘A ’ 
denotes A-type repeats, ‘C’ denotes C-type repeats. Although there is 
obviously considerable internal variability at M SI, there are evidently 
more than two common types of repeat unit, with other variants 
manifested as gaps in the MVR maps.
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Sequence analysis of independent clones of each allelic 3' end revealed 
gross rearrangements of the repeat unit arrays, with different clones of 
the same allele showing different internal structures, presumably due to 
rearrangements during M l3 propagation. Such rearrangements were not 
apparent when cloning short MSI alleles into Bluescript vectors (see 
chapter 3) possibly due to the use of the recombination deficient X Ll 
Blue (Bullock et aL, 1987) as a host instead of the NM522 (Gough & 
Murray, 1983) used here. Although scrambling of the arrays during 
cloning rendered com parison with MVR maps and subsequent 
identification of null repeats unfeasible, two variant repeats other than A 
and C type could be identified within the arrays: B type (CCCTCTCCA) 
and K type (CCCTATTCA). Both of these variants had been seen 
previously within the variable region of the minisateUite array (see 
chapter 3). It therefore seemed likely that the inhibition of priming from 
either of these repeat unit types was responsible for null repeats in MVR 
maps.

4.6 Discussion

PCR MVR mapping has been shown to be an incredibly powerful 
identification system which allows digitization of individual specific DNA 
codes, and subsequent storage and non-subjective comparisons of profiles 
in computer databases, of enormous consequence in forensic science 
(Jeffreys et al., 1991b). However, few minisatellites meet the criteria 
required for PCR MVR, which include sufficient internal variability to 
give a reasonable level of discriminatory power, a repeat unit length 
which allows resolution of a large number of repeats on agarose gel 
electrophoresis, an absence of microdeletions/insertions between repeat 
units and a limited number of well-dispersed variant repeat unit types. 
MS32 fulfils aU of these criteria. (Jeffreys et al., 1991b).

M SI, although an obvious choice for PCR MVR with a very high degree 
of internal variation (see chapter 3 and figure 4.3), appears to possess at 
least four common variant repeat unit types. Although it may be 
technically possible to MVR map all variants by using further internal 
primers, the length of the MSI repeat unit (9bp) requires redundancy to 
be introduced in each of the 20-mer internal primers (see figure 4.2), and
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the level of redundancy required to allow priming at all pairwise 
combinations of the four common variants upstream of the repeat unit of 
interest is likely to render PCR MVR unfeasible at this locus.
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CHAPTER 5

MICROSATELLITES’ - (dT-dG)n (dA-dC)n REPEAT LOCI
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5.1 Introduction

(dT-dG)n*(dA-dC)n repeat sequences or ‘microsatellites’, where n is 
typically 15-30, are ubiquitous dispersed repetitive elements of eukaryote 
genomes (Miesfeld et al., 1981; Hamada et al., 1982; Jeang & Hayward 
1983; Tautz & Renz 1984a; Sun et al., 1984) with a copy number of 
30,000-100,000 in human DNA (Miesfeld et al., 1981; Hamada & 
Kakunaga, 1982; Hamada et al., 1982; Hamada et al., 1984a), but which 
are not found in bacteria (Gross & Garrard, 1986). The function of these 
(dT-dG)n (dA-dC)n blocks is unknown, but it has been proposed that they 
serve as hot-spots for recombination (Stringer, 1982, 1985; Pardue et al., 
1987; Heilman et al., 1988) or gene conversion events (Slightom et 
a/., 1980; Flanagan et al., 1984); it has been noted that single-stranded 
breaks occur at a higher frequency in (dT-dG)n*(dA-dC)n tracts than in 
other nucleotide combinations and suggested that these breaks may serve 
as triggers for recombination (Rogers et al., 1983a). Alternatively, (dT- 
dG)n*(dA-dC)n have been implicated in gene regulation (Russell et al., 
1983; Young, 1983; Hamada et al., 1984b; Berg et al., 1989), possibly as 
transcriptional enhancers, although this seem unlikely in view of the high 
abundance of (dT-dG)n*(dA-dC)n repeat blocks relative to the estimated 
frequency of eukaryotic enhancers (Weber et al., 1983). Other suggested 
functions include a role in chromatin folding (Johnson et al., 1978), 
telom ere formation (Rogers, 1983a; W almsley et al., 1983), X- 
chromosome inactivation (Pardue et al., 1987) and homogenization of 
repetitive gene arrays (Kedes, 1979).

The ability of alternating purine/pyrimidine sequences to form Z-DNA in 
vitro (Amott et al., 1980; McIntosh et al., 1983; Haniford & PuUeybank, 
Nordheim & Rich 1983), possibly leading to novel biological function, 
has given rise to much of this speculation; however, it appears that such 
tracts are not in the Z-DNA conformation within cells (Tautz & Renz 
1984a; Hamada et a l, 1984a; Rodriguez-Campos et al., 1986). Rather 
than having a major biological function, it seems more likely that such 
sequences arise and are maintained as a consequence of mechanisms such 
as DNA slippage during replication (Levinson & Gutman, 1987a). 
Indeed, the occurrence of other classes of dinucleotide repeat sequences 
with similar frequency to (dT-dG)n*(dA-dC)n blocks, and of trinucleotide 
repeats at somewhat lower frequencies, would suggest that aU such repeat
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motifs arise through the same mechanisms (Tautz & Renz .1984a). It is 
therefore probable that these sequences are ubiquitous not through 
evolutionary conservation but rather through frequent independent 
formation.

It has recently been shown that (dT-dG )n*(dA -dC )n repeats are 
polymorphic with respect to length, due to variation in dinucleotide 
repeat copy number, adding further weight to the argument for 
generation and contraction/expansion by slippage-type events (see 
Levinson & Gutman, 1987a). Moreover, by designing PCR primers 
complementary to unique sequence DN A flanking microsatellites, this 
polymorphism can be exploited to provide a new source of genetic 
markers (Litt & Luty 1989, Weber & May 1989, Tautz 1989). It has been 
estimated that microsateUite markers with a Polymorphism Information 
Content (PIC) of > 0.5 could yield genetic maps with an average 
resolution of approximately 0.3cM (Weber 1990).

In order to explore the nature and variability of these loci further, a 
genomic D N A  library was constructed in M l3 and screened with a 
synthetic (dT-dG)n*(dA-dC)n probe. DNA was prepared from a selection 
of the resulting positive plaques, and, following sequencing, PCR primers 
were designed for amplification of three microsatellite loci, one perfect 
(dT-dG)n (dA-dC)n repeat and two imperfect repeats which contained 
base substitutions within the array. The variability of these loci in great 
ape DNA was also studied.

5.2 Construction and screening o f an M l3 library

All variable microsateUites isolated to date are in the size range 15-30 
repeats (Weber 1990). In order to establish whether longer dinucleotide 
repeats with proportionally greater variability could be isolated, the 
following strategy was employed. High molecular weight DNA from 16 
individuals was pooled and digested with A lu l, HaelH  and R sal, to 
remove the bulk of the DNA flanking microsateUites. A 400-1000bp size 
fraction was selected by electroelution from an agarose gel onto dialysis 
membrane (Yang et al., 1979) and ligated into the Smal site of M13mpl8 
(Yanisch-Perron et al., 1985). M l3 was chosen as a vector to enable 
clones containing microsatellite inserts to be sequenced and PCR primers
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designed without subcloning. The resulting library was screened with a 
synthetic (dT-dG)n (dA-dC)n probe, constructed by annealing and ligating 
(dT-dG)io/(dA-dC)io oligonucleotides and PCR amplifying the resulting 
concatamers. (Out of register annealing during PCR generated products 
several kilobases in length). Of a library of -10,000 plaques, 60 proved 
positive. If the mean insert size is assumed to be 700bp, this gives an 
estimate of one microsatellite every 117kb, or 26,000 in the human 
genome, in reasonable agreement with a previous estimate of 30-60,000 
by colony hybridization (Miesfeld et al., 1981). 14 of the positive clones 
were selected for sequence analysis. (Thanks are due to Annette MacLeod 
for assistance with clone isolation and sequencing).

5.3 Size constraints and evidence for clustering o f simple tandem repeats

The sequences of the microsatellite clones are summarized in figure 5.1. 
It is immediately apparent that despite attempting to optimise array 
length, all of the (dT-dG )n*(dA-dC)n repeat blocks are severely 
constrained in size, with the exception of the cryptic repeat comprising 
clone TG6. The longest perfect microsatellites are two runs of 24 
dinucleotide repeats (clones TGI and TG2). Two of the 14 clones possess 
more than one simple repeat sequence: clone TG23 has a (dT-dG)n (dA- 
dC)n repeat followed by an imperfect (dA-dT)n*(dT-dA)n repeat 168bp 
downstream, with several short runs of simple repeats in between; 
similarly, clone TGI has a (dT-dG)n*(dA-dC)n array 176bp downstream 
of a (TTCC)n tetranucleotide repeat, implying that certain DNA regions 
may be prone to the formation of such sequences. Scanning the EMBL 
database for sequences similar to the DNA flanking the microsatellites 
revealed no homologous sequences, with the exception of TGI, which was 
found to be embedded within the non-transcribed spacer of a ribosomal 
RNA gene (Dickson et al., 1989). Significantly, the number of repeats in 
both the dinucleotide array and the (TTCC)n array differ between the two 
independently determined sequences, suggesting that these regions show 
length polymorphism (figure 5.1). Three of the microsatellites were 
chosen for further study: TGIO, a perfect run of 17 dinucleotide repeats; 
TG29, consisting of 20 repeats disrupted in the centre by a G->T/C->A  
substitution, and TG9, an array of 19 repeats with A->T/C->G transitions 
at repeat numbers 7 and 15.
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Figure 5.1. (dT-dG)n.(dA-dC)n microsatellites isolated from an M l 3 
library. Tandemly repeated arrays are shown in bold type; N denotes 
unreadable sequence. Clone TGI is derived from a ribosomal RNA non
transcribed spacer and is shown in alignment with the previously 
published sequence of Dickson et al, (1989), designated RNTS. Both of 
the tandemly repeated arrays within this spacer show length variation 
between the two independently determined sequences. Sequence from 
which PCR primers were derived is underlined for clones TG9, TGIO 
and TG29.
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5.4 Analysis o f TGIO

20-mer PCR primers complementary to the unique sequence flanking the 
dinucleotide repeat within clone TGIO were synthesized. Figure 5.2A 
shows the profiles of the amplified products from 24 unrelated 
individuals typed on a high percentage agarose gel. This locus has a 
heterozygosity estimated at 74% and five different alleles in Caucasian 
populations. Allele sizes and frequencies are shown in figure 5.2B.

Amplification of this locus from chimpanzee and gorilla DNA revealed 
the dinucleotide array to be variable in these species also (figure 5.3) 
although in the limited sample studied, the gorilla has a slightly different 
allele size distribution when compared to chimp and human, with 
somewhat larger PCR products. Amplification from orang-utan DNA was 
not possible, presumably due to critical primer mismatches.

In order to assign TGIO to a human chromosome, the locus was PCR 
amplified from human/rodent somatic cell hybrid DNAs (provided by 
Dr. Sue Povey, University College London; see table 2.1) resulting in 
localization to chromosome 18. This positioning was confirmed by 
pedigree analysis using two large CEPH families (see figure 5.4) with the 
closest informative maker being CRI-R397 (Donis-Keller et al., 1987; 
z=5.3 at 0=0.071; linkage analysis was performed using the LINKAGE 
programs of Lathrop et al., 1985 and the CEPH database version 2 with 
the assistance of Dr John Armour).

5.5 Analysis o f TG29

As for TGIO, PCR primers were designed for amplification of TG29, an 
im perfect (dT-dG)n (dA-dC)n with a transversion disrupting the 
dinucleotide array (figure 5.1). This locus was found to be dimorphic in 
humans, with a heterozygosity of 38%, the two alleles having frequencies 
of 0.81 and 0.19 (figure 5.5). However, in great apes, TG29 appears to 
show a high level of variability, comparable to, if not greater than that of 
TGIO (figure 5.6).
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Figure 5.2. Variability at microsatellite TGIO.
A. TGIO alleles PCR amplified from 24 unrelated individuals. lOng of 
genomic DNA was cycled 33 times in a lOpl reaction as described in table 
2.2. PCR products were electrophoresed through a 4% agarose gel (3 
parts Nusieve, 1 part HGT) in TBE with ethidium bromide.
B. Allele frequency distribution at TGIO. TGIO shows a typical 
microsatellite allele frequency distribution (Weber & May, 1989); a 
limited number of alleles with one (98bp) being particularly common 
(Frequency = 0.43).
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Figure 5.3. TGIO alleles amplified from chimpanzee and gorilla DNA. 
The TGIO locus was PCR amplified from chimpanzee and gorilla DNA 
and the products electrophoresed through a 4% agarose gel (3 parts 
nusieve, 1 part HGT) in TBE with ethidium bromide. TGIO is clearly 
polymorphic in these species, but with somewhat larger alleles in the 
gorilla. A third band, migrating behind the two alleles, is evident in 
heterozygotes; this band is the result of formation of a heteroduplex of 
the two alleles.
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Figure 5.4. A. Pedigree analysis of TGIO. The inheritance of TGIO 
alleles through 3 generations of a large CEPH family, as determined by 
agarose gel electrophoresis (3% nusieve, 1% HGT in TBE with ethidium 
bromide). The genotype of each individual is given above the appropriate 
lane.
B. A diagrammatic representation of the inheritance pattern, with 
heteroduplexes shown as dotted lines.
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Figure 5.5. Variability at TG29. TG29 alleles were PCR amplified from 
24 unrelated individuals and electrophoresed through a 4% agarose gel (3 
parts nusieve, 1 part HGT) in TBE with ethidium bromide. The lower 
allele in this dimorphic system is 132bp whereas the upper is 
approximately 140bp. The respective allele frequencies are 0.81 and 0.19. 
The third band present in heterozygotes is due to heteroduplex formation.
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Figure 5.6. PCR amplified TG29 alleles from great ape DNA. TG29 
alleles were amplified from chimpanzee, gorilla and orang-utan DNAs 
and the products electrophoresed through a 4% agarose gel (3 parts 
nusieve, 1 part HGT). In sharp contrast to the human locus, TG29 
appears to be highly variable in these species. Again, heteroduplexes are 
evident in heterozygotes.
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5.6 Analysis o f TG9

Microsatellite TG 9 consists of a 39bp (dT-dG)n*(dA-dC)n array with 
two transversional disruptions at positions 13 and 29 (figure 5.1). PCR 
amplification of TG 9 from 6 humans, 4 chimpanzees, 5 gorillas and 2 
orang-utans showed it to apparently be monomorphic within all four 
species, but with size variation between species other than gorilla and 
orang-utan, which both gave a product of the same size (figure 5.7).

5.7 Discussion

It appears that perfect (dT-dG)n (d A -d C )n  tracts are limited to a 
maximum length of approximately 30 dinucleotide repeats. This upper 
limit is possibly due to instability of larger arrays, which may show a bias 
in favour of collapse rather than further expansion due to an increased 
level of events such as intrastrand deletion (Walsh, 1987). Alternatively, 
larger dinucleotide repeat arrays may present a larger target for base 
substitutional mutation events. If the base substitution rate is greater than 
the rate of array homogenization, through mechanisms such as DNA 
slippage during replication, the micro satellite will eventually be lost; 
swamped by base substitutions. Therefore, if the rate of homogenization 
is not proportional to array length, short microsatellites will be favoured 
and larger microsatellites will be lost. In the absence of further studies of 
mutational processes operating  these loci this remains speculation; 
however, the existence of long cryptic dinucleotide repeats such as TG 6 
(figure 5.1) would suggest accumulation of base substitutions in long 
microsatellites.

The evidence for clustering of simple repeat sequences (two simple repeat 
arrays found within 200bp of each other in 2/15 clones; figure 5.1) 
implies that certain regions of the genome are prone to the formation of 
such sequences. Clustering of simple repeated blocks has also been noted 
elsewhere (Tautz & Renz, 1984b), and has been documented for more 
complex minisatellite repeat arrays (Armour et al., 1989). Indeed, 
minisatellites and microsatellites have sometimes been found in close 
association with each other (J. Armour and M. Gibbs, personal 
communication).
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Figure 5,7. TG9 alleles, PCR amplified from human and great ape DNA. 
TG9 was amplified from human, chimpanzee, gorilla and orang-utan 
DNAs and the resulting products electrophoresed through a 4% agarose 
gel (3 parts nusieve, 1 part HGT) in TBE with ethidium bromide. 
Although apparently monomorphic within each species, this locus shows 
clear inter-species variation, with the exception of gorilla and 

, which appear to share the same sized allele.
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Unfortunately, published methods for typing m icrosatellites are 
cumbersome, involving end-labelling PCR primers with y-32P-dATP and 
resolving the resulting radioactive PCR products on denaturing 
sequencing-type polyacrylamide gels (Litt & Luty, 1989; Weber & May 
1989; Tautz, 1990). This appears to be largely unnecessary, as high 
percentage Nusieve agarose gels offer an acceptable degree of resolution 
for assaying the degree of variabilty of microsatellites, and for linkage 
analysis. However, for purposes of individual identification in, for 
example, a forensic context, absolute allele sizes and frequencies within 
the population are required, rendering denaturing polyacrylamide gels 
unavoidable (see chapter 6).

The informativeness of TGIO in man, with a heterozygosity of 74% and 5 
alleles with varying frequencies in the population is typical of 
microsatellites (Weber et al., 1990). This compares rather unfavourably 
with the most informative minisatellite loci, which have allele length 
heterozygosities in excess of 90% and may have more than 40 different 
length alleles which show a fairly smooth distribution in the population 
(Wong et al., 1987). However, the high copy number of (dT-dG)n (dA- 
dC)n repeat blocks in eukaryotes (Miesfeld et al., 1981, Hamada & 
Kakunaga, 1982, Hamada et al., 1982, Hamada et al., 1984a) and their 
apparent random distribution throughout the genome (Luty et al., 1990) 
renders them extremely promising markers for linkage analysis and 
diagnosis of genetic disease (see for example Feener et al., 1990; Richards 
et al., 1991).

The level of variability of TGIO in the great apes appears to be 
comparable to that in man, albeit with different allele frequency 
distributions, implying that this locus has shown a similar degree of 
variability for at least the last 7 million years, the estimated divergence 
time of man, chimpanzee and gorilla (Koop et al., 1986). Such persistence 
is expected of tandem arrays which show a modest level of variability 
(and presumably reflects a low mutation rate), and is in stark contrast to 
minisatellites MSI and MS32, which are highly variable only on the 
human lineage, and show extreme evolutionary transience (see chapter 3).

The mutational processes by which microsatellites change length to 
generate and maintain polymorphism is unknown. However, a recent
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study of a microsatellite locus within the cystic fibrosis transmembrane 
conductance regulator (CFTR) gene has shown strong linkage 
disequilibrium between a group of microsatellite alleles and a haplotype 
of flanking markers on either side, implying that these alleles are all 
derived from the same precursor and arose through intra-allelic events 
such as replication slippage rather than inter-allelic recombination 
mechanisms (Morral et al., 1991). The low level of variability of TG29 
in man compared with an apparently high level in the great apes would 
suggest that the base substitution disrupting the array in man is preventing 
generation of new alleles through length change. This is in agreement 
with studies by Weber (1990) which demonstrate that informativeness of 
interrupted dinucleotide sequences is significantly lower than that of 
perfect dinucleotide repeats, and that the degree of informativeness of a 
given locus is reflected in the number of uninterrupted repeats. By this 
criterion, TG29, with a run of 10 perfect repeats, would be predicted to 
have very low or zero informativeness. This lends further evidence to the 
argument for strand slippage during replication as a mechanism for 
length change at these loci. The rate of strand slippage has been shown to 
increase with increasing length for (dT-dG)n (dA-dC)n sequences in M l3 
(Levinson & Gutman, 1987b) and it would appear that the rate of 
slippage at these sequences jumps as the number of repeats exceeds 10 in 
man (Weber, 1990). Similarly the apparently monomorphic nature of the 
imperfect repeat TG9 in man and all species of great ape implies blockage 
of the slippage mechanism through base substitution. However, the 
variation between species suggests that length change does occur with 10 
or fewer perfect repeats, but at a much lower rate. Such slowly evolving 
loci may be useful for phylogenetic analysis at the species level (Burke et 
a l,  1991).
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CHAPTER 6

IDENTIFICATION OF THE SKELETAL REMAINS OF A 
MURDER VICTIM USING MICROSATELLITE MARKERS
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6.1 Introduction

In 1981, a 15-year old Caucasian girl was murdered and her body 
wrapped in a carpet and buried. The skeletal remains were discovered by 
chance in 1989. A facial reconstruction allowed the identity of the victim 
to be provisionally established, and appeared to be confirmed by dental 
records. To obtain further evidence of identification, bone DNA analysis 
was attempted.

6.2 Quantity and quality o f DNA extracted from the remains

DNA extractions were performed by Dr. Erika Hagelberg of the Institute 
of Molecular Medicine, University of Oxford, as follows. A 5 gram 
fragment of femur from the victim was sand-blasted to remove the 
surface l-2mm of bone, in an attempt to remove any contaminant DNA 
introduced by handling, and divided in two. Each sample was pulverized 
and DNA extracted as described in Hagelberg & Clegg (1991).

To determine the quantity and quality of DNA recovered, aliquots of each 
bone DNA sample were run through an agarose gel, alongside a known 
amount of human genomic DNA cut with Sau3Al. Native and denatured 
samples were run, to assess the degree of nicking. Total DNA was 
visualized by staining with ethidium bromide, and the fraction of the 
DNA that was of human origin assessed by Southern blot hybridization 
with a human Alu repeat probe (figure 6.1), prepared by dénaturation of 
human DNA, followed by reannealing to low Cot and Si nuclease 
digestion (Houck et al., 1979; probe prepared by Mrs. Vicky Wilson). 
Use of a cloned human Alu probe was avoided, due to the potential risk 
of contaminating E. coli host DNA cross-hybridizing to bacterial DNA in 
the remains. Scanning laser densitometry and estimation by eye showed 
that approximately 5}ig of DNA were recovered from each extract, but 
that only about 10% of the DNA was of human origin. It is likely that the 
remaining 90% was derived from bacterial or fungal contamination of 
the remains. The human DNA fraction was highly degraded, with 
virtually all single-stranded DNA fragments smaller than 300 nucleotides.
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Figure 6.1. Assessment of the quality and quantity of human DNA 
recovered from the femur DNA extracts from the victim. 1/5 of each 
femur extract (E l, E2) was electrophoresed through a 1.5% agarose gel 
alongside 20ng human genomic DNA digested with Sau2>Al (H). DNA 
was electrophoresed in either the native state (A) or denatured with 
0.15M NaOH, lOmM EDTA prior to electrophoresis (B). Total DNA was 
visualized by staining with ethidium bromide (EBr) and human DNA 
detected by Southern blot hybridization with a 32p.iabelled consensus 
human Alu probe at low stringency, following transfer to a nylon 
membrane (Amersham Hybond-N).
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6.3 Identification of the remains

The severe degradation of the DNA recovered rendered DNA typing by 
Southern blot hybridization with minisatellite markers (Wong et al., 
1987) or amplification of minisatellites by PCR (Jeffreys et a l ,  1988) 
impractical. Consequently the bone extracts were typed by PCR 
am plification  of much shorter (<200bp) (dC -dA )n*(dG -dT )n  
microsatellite loci. Six different loci (TGIO, see chapter 5; actin, Litt & 
Luty, 1989; Mfd3, Mfd5, Weber & May, 1989; Mfd49, Weber et al., 
1990a and Mfd64, Weber et al., 1990b) were successfully amplified from 
the bone DNA samples by Professor Alec Jeffreys and typed on high 
percentage agarose gels, revealing the victim to be heterozygous at five of 
the six loci. Amplifications were performed in a laminar flow hood using 
pipettes, disposable plasticware and reagents that had not been previously 
exposed to the laboratory enviroment (as described in Jeffreys et al.,
1990), to minimize the risk of contamination.

Following the demonstration that microsatellite alleles could be 
successfully amplified from the bone DNA, identification was attempted 
by comparing the microsatellite profiles of the victim with those of the 
presumptive parents, following preparation of the parental DNA from 
blood samples as described in Jeffreys et al., 1990. Profiles were 
compared by electrophoresis through high percentage agarose gels and 
subsequently by typing on denaturing polyacrylamide sequencing-type 
gels, following re-amplification of PCR products in the presence of a 
end-labelled primer (figures 6.2 and 6.3). Both methods gave concordant 
results, but agarose gels gave simpler profiles (figure 6.3). This is 
thought to be due to resolution of spurious products on polyacrylamide 
gels, arising from polymerase slippage at CA repeats during amplification 
(Litt & Luty, 1989) and through non-templated nucleotide addition 
catalysed by Taq polymerase (Clark, 1988). The results were fully 
consistent with the femur DNA being derived from an offspring of the 
presumptive parents; in aU cases the skeletal microsatellite alleles could be 
attributed to either the mother or the father.
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Figure 6.2. Comparison of skeletal microsatellite profiles with those of 
the presumptive parents. For each locus, a lOhg aliquot of DNA was 
initially amplified for 33 cycles in a 30pl reaction as described in table 
2.2. lp.1 aliquots of PCR product were then re-amplified for 4 cycles in a 
10|il PCR reaction with 1/10 of one of the amplimers 32p-iabelled using 
T4 polynucleotide kinase and y-32p_dATP. Labelled products were 
denatured , electrophoresed through a DNA sequencing-type 
polyacrylamide gel alongside an M13mpl8 sequence ladder (TCGA) and 
visualized by autoradiography. For each locus, the genotype of the bones 
(B) is compatible with the DNA being from an offspring of the 
presumptive mother and father (M and F). Allele lengths in table 6.1 
were determined from the major PCR product of each allele.
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Figure 6.3. Comparison of microsatellite typing on high percentage 
agarose gels and sequencing-type polyacrylamide gels. Alleles at two loci 
(actin, Mfd64) were PCR amplified and typed either native on a 20cm 4% 
agarose gel (3 parts nusieve, 1 part HGT) in TBE and detected by 
ethidium bromide staining, or denatured on a sequencing-type gel 
following labelling with 3%P, as in figure 6.2. Both systems gave 
concordant results. -
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6.4 Statistical evaluation o f the positive identification (all statistical 
analyses performed by Professor Alec Jeffreys)

Assuming Hardy-Weinberg equilibrium at each microsatellite locus and 
statistical independence of these loci (assumptions which appear to be 
valid for simple tandem repeat sequences investigated to date - see 
Chakraborty et al., 1991), the statistical weight of the evidence linking the 
skeletal remains to the presumptive parents M and F was evaluated using 
published Caucasian allele frequencies (table 6.1). For each locus, the 
probability of obtaining the M, F and bone genotypes if the skeletal 
remains were those of an offspring of M and F was calculated, and 
conversely the probability of obtaining the precise combination of alleles 
seen in the presumptive parents and the victim if the skeletal DNA was 
not derived from an offspring of M and F was determined. If both 
parents are heterozygous, this likelihood ratio is given by l / (8q iq 2), 
where qi and q% are the population frequencies of the two alleles in 
heterozygous bone DNA. If one or both parents are homozygous, this 
ratio becomes l/(4q iq 2) or l /(2q iq 2) respectively. If the bone DNA is 
homozygous for an allele of frequency q the three likelihood ratios are 
l/(4q2), l/(2q2) and l/(q^) respectively. This ratio in favour of 
identification varies considerably between loci according to the 
population frequencies of the femur alleles (table 6.1).

The cumulative likelihood ratio for all six loci is very high (2x 108). 
However, the population databases for allele frequencies at these loci are 
currently small, and to compensate for sampling errors in allele 
frequency estimates, the likelihood ratios were re-evaluated after 
adjusting all allele frequencies to their upper 95% confidence limits (table 
6.1). The resulting cumulative likelihood ratio remains high at 2x10$, 
although it should be noted that major allele frequency differences 
between the populations represented in the published databases and in the 
local population relevant in this case (South Wales) could perturb this 
estimate. However, the data establish with a high degree of confidence 
that the victim was indeed the daughter of M and F. This PCR data was 
presented in evidence at a murder trial at Cardiff Crown Court in 
February 1991, which led  to the conviction of the murderer and his 
accomplice. This was the first occasion where PCR data has been given in 
evidence at a British court.
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Table 6.1. Statistical evaluation of the microsatellite evidence linking the 
skeletal remains to the presumptive parents. The statistical weight of the 
evidence linking the skeletal remains to the presumptive parents M and F 
was evaluated as described in the text. The likelihood ratio in favour of 
identification varies substantially from locus to locus according to the 
population frequencies of the femur alleles. The cumulative likelihood 
ratio for all six loci is very high (2x 108). However, the population 
databases for allele frequencies at these loci are currently relatively small, 
and to compensate for sampling errors in allele frequency estimates, the 
likelihood ratios were re-evaluated after adjusting all allele frequencies to 
their upper 95% confidence limits. The cumulative likelihood ratio 
remains high at 2x10$. References: (1) Litt & Luty, 1989; (2) chapter 5; 
(3) Weber & May, 1989; (4) Weber et al, 1990a; (5) Weber et al, 1990b.
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6.5 Discussion

There is considerable scientific and public interest in the possibility of 
DNA typing of ancient remains. The first analysis of ancient DNA 
resulted from the successful cloning of mitochondrial DNA from a 
museum specimen of a quagga, a species of horse extinct since 1883 
(Higuchi et al., 1984). Subsequently a human Alu DNA sequence was 
cloned from an Egyptian mummy (Paabo, 1985). With the advent of 
PCR, the field of ancient DNA analysis has expanded dramatically. 
Multicopy human mitochondrial DNA sequences have been amplified 
from extracts retrieved from bones as old as 5500 years (Hagelberg et al., 
1989; Hagelberg & Clegg, 1991), and from 7000-year old brain tissue 
preserved in a peat bog (Paabo et al., 1988). There has even been one 
report of amplification of chloroplast DNA from a 17-20 million year 
o\6 Magnolia leaf (Golenberg etal., 1990).

However, such is the sensitivity of PCR that it is difficult to exclude the 
possibility that amplification products result from contaminating material, 
and not from the tissues themselves. The analysis described here provides 
very strong evidence that in this case the human DNA retrieved from the 
bone was that of the skeleton and did not arise through contamination. 
However, had the profile of the victim not matched that of the 
presumptive parents, it would be difficult to deem the exclusion authentic 
given the possibility of inadvertent contamination of the bone DNA, 
although this problem may be overcome by multiple testing of 
independent extracts of different bones.

Skeletal remains have previously been identified following bone DNA 
extraction (Stoneking et al., 1991) but this identification was based on 
sequence polymorphisms within mitochondrial DNA, which are of 
limited informativeness; consequently the probability of a false inclusion 
is relatively high. The analysis presented here provides the first example 
of the successful identification of skeletal remains using nuclear DNA 
markers. In addition to the identification of the remains of missing 
persons, the typing of ancient and degraded forensic DNA samples may 
have applications in retrospective analysis following potentially unjust 
convictions, and in the identification of individuals buried in mass graves.
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Verification of family relationships in instances of contested wills, 
following exhumation of the Testate, also becomes a possibility.

More broadly. It may be possible to apply ancient DNA typing to 
anthropological and phylogenetic questions. However, this will depend 
heavily on the degree of DNA preservation in archaeological and 
palaeontological specimens, a criterion which appears to be dictated by 
burial conditions rather than age for specimens up to a few thousand 
years old (Hagelberg et aL, 1989), although fossil specimens may be 
expected to contain DNA fragments only a few nucleotides in length, 
following spontaneous depurination and subsequent phosphodiester bond 
cleavage (Lindahl & Anderson, 1972; Lindahl & Nyberg, 1972). 
However, the report of retrieval of 770bp chloroplast DNA sequences 
from a Miocine Magnolia leaf (Golenberg et al., 1990) suggests that DNA 
may undergo only limited degradation under the appropriate conditions, 
although others have failed in attempts to repeat these experiments (Sidow 
et al., 1991). As yet, the vast majority of work on ancient DNA has 
concentrated on organelle (mitochondrial or chloroplast) genomes, which 
are present as multiple copies per cell. Whether such analysis can be 
extended to nuclear DNA remains to be seen, although it would appear to 
be a viable proposition in at least some cases: 125bp DNA fragments 
derived from HLA genes have recently been PCR amplified from 7500 
year-old human brain tissue preserved in a Florida peat bog (Lawlor et 
al., 1991).

Practical future applications of ancient DNA analysis should include the 
establishment of phylogenetic affiliations in anthropological studies, 
possibly shedding light on areas such as human evolution, the divergence 
of human races and the origins of contemporary human population 
structure. The establishment of phylogenetic associations between ancient 
and modem Japanese populations based on comparisons of mitochondrial 
DNA sequences from archaeological (200-6000 year-old) specimens and 
contemporary populations has already been attempted (Horai et al.,
1991). Of course, such analysis is not limited to man; phylogenetic 
affiliation of the extinct marsupial wolf (Thylacinus) to Australian rather 
than South American marsupials has been established from mitochondrial 
DNA sequences following PCR amplification of DNA from Victorian and 
early 20th century museum specimens (Thomas et al., 1989). Ultimately,
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it may even be possible to study evolutionary processes directly at the 
DNA level if an evolutionary series of intermediate stages between 
ancient and modem taxa were available (see Dover’s comments in 
Golenberg, 1991).
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CHAPTER 7

PO LY M O RPH ISM  AT OTHER SIM PLE TANDEM REPEA T
SEQUENCES
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7.1 Introduction

Due to the limited length and variability of (dT-dG)n (d A -d C )n  
microsatellites (Weber, 1990; see chapters 5 and 6), it seemed prudent to 
search for tetranucleotide repeats, in the hope that these sequences would 
be longer and more variable than dinucleotide repeats, but still remain 
short enough to be easily typed by PCR. Variability at such sequences was 
likely, as short trinucleotide sequences in Drosophila had already been 
shown to be variable (Tautz, 1989), and a highly variable mouse 
minisatellite consisting of the tetranucleotide repeat (GGCA)n had been 
characterized (Kelly et al., 1991; Mark Gibbs, personal communication). 
Many short tetranucleotide repeat arrays which show length variation on 
PCR amplification have now been isolated (For example see Mercier et 
a l,  1991).

7.2 Screening an M l3 genomic library fo r  tetranucleotide repeat 
sequences

High molecular weight DNA was pooled from 16 unrelated individuals 
and digested to completion with restriction endonucleases Alul, Rsal and 
HaeUl.A  400-1000bp size fraction was selected by gel purification and 
cloned into the Smal site of M13mpl8 (Yanisch-Perron et a l ,  1985) to 
generate a library of approximately 10,000 plaques (see chapter 5). 
Following plaque lifts onto nitrocellulose, this library was screened with 
a (GGCA)n repeat probe derived from the mouse mini satellite H m 2  
(Mark Gibbs, personal communication). Two strongly positive clones 
were detected, and were designated GGCA.l and GGCA.2. GGCA.2 was 
later found to contain an insert consisting of a ‘m idisatellite’ repeat 
sequence, and its characterization is described in chapter 8 . Sequence 
analysis revealed GGCA.l to consist of approximately lOObp of imperfect 
(GGAA)n repeat sequence followed by 9 (GCAA)n repeats (figure 7.1). 
Unfortunately, this repeat sequence was immediately preceded by a 
stretch of DNA extremely rich in A/T residues, which continued to the 
extreme 5’ end of the insert, rendering PCR priming impractical.

The GGCA.l insert was cut with M ael and D ral to release a 230bp 
fragment consisting of the repeated sequence (figure 7.1); this fragment 
was then used as a probe to re-screen the M l3 library in the hope that the

75



Figure 7.1, The sequence of clone GGCA.l, isolated from an M l3 library 
with a (GGCA)n repeat probe. GGCA.l was subsequently trimmed with 
D ral and M ae\ and the central imperfect repeated motif used as a probe 
to screen the same library.
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(GGAA)n repeat motif would identify novel polymorphic loci which had 
not been detected by the pure (GGCA)n probe. G G C A .l hybridized 
strongly to 26 new clones, designated GGAA.1-26, of which 11 were 
sequenced.

7 3  Sequence analysis o f (GGAA)n repeat loci

Of the 11 clones sequenced, 7 had inserts with long (150-200bp) 
imperfect (GGAA)n repeats, each apparently derived from the expanded 
polyadenosine tail of an immediately adjacent Alu dispersed repeat 
element (figure 7.2). Within one such clone (GGAA.24) a (GGAA)n 
repeat of approximately 200bp was sandwiched between two Alu repeats, 
and presumably resulted from expansion of the polyadenosine tail of the 
first. Unfortunately the presence of the Alu element immediately 
upstream of all of these (GGAA)n repeats rendered design of a unique 
sequence 5' flanking PCR primer impossible. Clone GGAA.6 contained 
an insert with a particularly unusual stmcture which will be considered 
further in section 7.6.

Of the remaining clones, GGAA.19 contained an insert with a 
considerable (GGAA)n imperfect repeat (approximately 300bp) which 
appeared to have expanded from an A/G-rich motif within a Kpn (LI) 
element (figure 7.3), again making design of unique sequence PCR 
primers impractical. However, two clones, GGAA.l and GGAA.7 had 
inserts with imperfect (GGAA)n repeat arrays flanked by unique 
sequence, suitable for PCR priming (figure 7.4).

7.4 Characterization o f two (GGAA)n repeat loci, GGAA.l and GGAA.7

(a) GGAA.l
The tandem repeat array of the GGAA.l locus was PCR amplified from 
the DNA of 24 unrelated individuals from the CEPH panel of large 
families. The resulting products were resolved on a 4% agarose gel (3:1 
nusieve: Seachem HGT) run in 1 x TBE. This limited sample revealed 11 
resolvable alleles ranging in size from approximately 285 to 560bp, with 
three apparent divisions of allele sizes: 285-295bp, 370-390bp and 450- 
560bp. No alleles which were significantly more common than the others 
were observed; the most common allele had a frequency of approximately
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Figure 7.2. Expanded polyadenosine tails of alu repeats (continued over 
the following 3 pages). Seven of the eleven clones detected by GGCA.l 
which were selected for sequencing contained imperfect (GGAA)n arrays 
derived from alu polyadenosine tails. Alu con is the alu consensus 
sequence (Bains, 1986). (R)n denotes runs of purine residues which could 
not be read clearly. Clone GGAA.6 has a particularly unusual structure 
which is described further in section 7.6. The lObp deletion immediately 
prior to the polyadenosine tail allowed unique sequence flanking PCR 
prim ers (underlined) to be designed for this locus, and it was 
subsequently found to be variable.
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Figure 7.3. Expansion of a (GGAA)n repeat motif from within an LI 
element. The imperfect (GGAA)n array of clone GGAA.19 appears to be 
derived from a short purine rich region within an LI element. LI con is 
the LI consensus sequence of Singer & Skowronski (1985).
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Figure 7.4. GGAA.l and GGAA.7, imperfect (GGAA)n repeats flanked 
by unique sequence. Flanking regions selected for PCR priming are 
underlined.
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17%. (figure 7.5). Heterozygosity was estimated to be 92%. PCR 
amplification of GGAA.l from human/rodent somatic cell hybrid DNAs 
(provided by Dr Sue Povey, University College London; described in 
table 2.1) placed it on chromosome 13, and subsequent kindred studies 
involving four large CEPH families (see figure 7.6) followed by linkage 
analysis using the LINKAGE programs (Lathrop et al., 1985) and the 
CEPH database version 2 (with the assistance of Dr John Armour) further 
localized it to an interstitial position on the q arm with the most proximal 
informative marker being D13S2 (Leppert et al., 1986; z=5.7 at 0=0).

(b) GGAA.7
Similarly, PCR primers were designed for amplification of the GGAA.7 
repeat array. Analysis of PCR products from 24 unrelated CEPH 
individuals was carried out as for GGAA.l. GGAA.7 was also found to 
be highly variable, with eight resolvable alleles ranging smoothly from 
approximately 147 to 182bp in length (figure 7.7). However, in this 
instance, a common short (147bp) allele was observed, with a frequency 
of 43.8%. Heterozygosity was determined to be 88% at this locus. PCR 
amplification of human/rodent somatic cell hybrid DNAs placed GGAA.7 
on chromosome 2, and typing four large CEPH family groups (see figure 
7.8) allowed more precise localization to an interstitial position on the 
short arm with the most proximal informative maker being pEFD122 
(O’Connell et al., 1989; z=3.27 at 0=0.08).

7.5 GGAA.l and GGAA.7 in the great apes

GGAA.l and GGAA.7 were amplified from great ape DNA under the 
same conditions as for human DNA. GGAA.l appeared to be highly 
polymorphic in the chimpanzee but showed minimal variation in the 
gorilla (figure 7.9A). Alleles from both species were in the size range 
280-320bp, the same size as the smallest human alleles. This locus failed 
to amplify from orang-utan DNA. GGAA.7 was found to be variable in 
chimpanzee, gorilla and orang-utan (figure 7.9B) with a similar allele 
size distribution to that seen in man.
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Figure 7.5. Variability at GGAA.l.
A. 24 unrelated individuals typed for GGAA.l. lOng of DNA was cycled 
33 times in a lOpl PCR reaction as described in table 2.2. PCR products 
were electrophoresed through a 4% agarose gel (3 parts nusieve, 1 part 
HGT) in TBE with ethidium bromide. A third band representing a 
heteroduplex of the two alleles is evident in heterozygotes.
B. (Overleaf). Allele frequency distribution at G G A A .l. Unlike 
microsatellites, GGAA.l appears to have a smooth allele frequency 
distribution with no common alleles.
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Figure 7.6. Pedigree analysis of GGAA.l through three generations of a 
large CEPH family. Experimental procedures were as for figure 7.5. 
Each allele is indicated on the right, and the genotype of each individual 
is shown above the appropriate lane.
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Figure 7.7. Variability at GGAA.7.
A. 24 unrelated individuals typed for GGAA.7. lOng of DNA was cycled 
33 times in a lOjil PCR reaction as described in table 2.2. PCR products 
were electrophoresed through a 4% agarose gel (3 parts nusieve, 1 part 
HGT) in TBE with ethidium bromide. Again, heteroduplexes are ex/ident 
in heterozygotes.
B. (Overleaf). Allele frequency distribution at GGAA.7. Unlike 
GGAA.l, GGAA.7 has a common small allele (frequency 0.4V).
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Figure 7.8. Pedigree analysis of GGAA.7 through three generations of a 
large CEPH family. Experimental procedures were as for figure 7.7. 
Each allele is indicated on the right, and the genotype of each individual 
is shown above the appropriate lane.
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Figure 7.9. GGAA.l and GGAA.7 alleles amplified from great ape DNA. 
Both loci were amplified and analysed in the same fashion as the human 
loci.
A. GGAA.l appears to be highly variable in the chimpanzee, but shows 
minimal variability in the gorilla. This locus failed to amplify from 
orang-utan DNA.
B. GGAA.7 is variable in all three species, with an allele size distribution 
similar to that seen in man.
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7.6 Characterization o f GGAA.6, an unusually modified poly adenosine 
tail o f an Alu repeat

On sequencing, clone GGAA.6 was found to have a particularly unusual 
structure: an alu repeat with polyadenosine tail followed by a short 
(GGAA)n repeat, which was in turn followed by a TC rich region and a 
polythymidine tract, ie an imperfect inverted repeat (figure 7.2). This 
structure is capable of forming a hairpin loop as depicted in figure 7.10. 
Polyadenosine tails of Alu repeats had previously been shown to vary in 
the number of residues between individuals (Economou et al. 1990) and it 
therefore seemed likely that this unusual structure, consisting of repeated 
m otifs, w ould also be variable. Consequently, PGR prim ers 
complementary to the flanking sequence were designed. It was possible to 
design a unique sequence PGR primer from sequence within the Alu 
repeat upstream of the polyadenosine tail due to large differences from 
the consensus Alu sequence (Bains, 1986) at the extreme 3' end, 
comprising of a deletion of approximately lObp (figure 7.2).

PGR amplification of GGAA.6 from 24 unrelated individuals revealed 
that the locus was indeed variable, with six alleles and a heterozygosity of 
74% (figure 7.11), comparable to a typical (dA-dG)n (d T -d G )n  
microsatellite locus. Due to the close spacing of the alleles on high 
percentage agarose gels, GGAA.6 alleles were also sized on a denaturing 
polyacrylamide sequencing-type gel, after end-labelling one of the PGR 
primers with Y_32p_dATP (figure 7.1 IB). The allele frequency 
distribution is dominated by two common alleles, again typical of a 
microsatellite-like locus. PGR amplification from somatic cell hybrid 
DNAs placed GGAA.6 on chromosome 12. This was confirmed by 
linkage analysis using four large GEPH pedigrees (see figure 7.12), which 
allowed further localization to the proterminal region of the q arm, the 
closest informative m & er being MS43 (Wong et al., 1987; z=3.16 at 
0=0.215; linkage analysis using the GEPH database was performed with 
the assistance of Dr John Armour).

PGR am plification of GGAA.6 from great ape DNA revealed an 
apparently monomorphic locus in each species, the same sized product 
being shared by chimpanzee and gorilla (roughly the same size as the 
smallest human allele) and a slightly larger band from the orang-utan
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Figure 7.10. Putative hairpin structure of the inverted repeat in clone 
GGAA.6. The open box represents the Alu element immediately 
preceding this structure.
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Figure 7.11. GGAA.6 alleles, amplified from 24 unrelated individuals 
and typed native on a 4% agarose gel (A) or denatured on a 
polyacrylamide sequencing type gel following end-labelling (B). Profiles 
generated from the same individual by each method are indicated by a 
connecting line. Heteroduplexes are evident in (A). End-labelled single
stranded products were run alongside an M 13m pl8 marker ladder. 
Spurious products, thought to arise through DNA slippage (Litt & Luty, 
1989) and terminal transferase activity of Taq polymerase (Clark, 1988) 
are evident. Approximate allele sizes in C (overleaf) are derived from the 
major PGR product in B. The allele frequency distribution is clearly 
dominated by two common alleles (168bp; frequency 0.44 and 175bp; 
frequency 0.40).
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Figure 7.12. Mendelian inheritance of GGAA.6 through 3 generations of 
a large CEPH pedigree. PCR products were electrophoresed through a 
3% nusieve, 1% HGT agarose gel in TBE with ethidium bromide. The 
genotype of each individual is shown above the appropriate lane. 
Heteroduplexes can be seen in heterozygotes.
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Figure 7.13. GGAA .6 in the great apes. Following PCR, alleles were 
electrophoresed through a 3% nusieve, 1% HGT agarose gel in TBE with 
ethidium bromide. GGAA .6 appears to be monomorphic from this 
limited sample. However, although the chimpanzee and gorilla alleles are 
the same size, sequence analysis revealed differing internal structures (see 
text).



CO COw %H <
M CO H
% < D
< 1
(U CD2 H Z
H p; <
m o pt:
o ü o

100



(figure 7.13). Direct sequence analysis of PCR amplified chimpanzee and 
gorilla alleles (by the method of Winship, 1989) showed them to have an 
identical overall structure to the human locus (data not shown). However, 
although both species had identically sized aUeles, a difference in internal 
structure was evident. The gorilla allele was found to have five perfect 
GGAA repeats, whereas the chimpanzee allele had only four, a deficiency 
compensated for by four extra thymidine residues in the polythymidine 
tract. In view of this and of the limited number of individuals typed, 
GGAA .6 may be polymorphic in length within these species, and the 
shared bands seen here may merely represent particularly common 
alleles.

The GGAA .6 locus has three potentially polymorphic regions: the 
polyadenosine tail, the (GGAA)n repeat array and the polythymidine 
tract. PCR amplification followed by direct sequencing of the two most 
common human alleles revealed variation in the polyadenosine and 
polythymidine regions (ie extra adenosine and thymidine residues in the 
longer allele), and a constant (GGAA )6 array. However, this 
tetranucleotide array was found to be variable between man, chimpanzee 
and gorilla (see above); it may therefore be concluded that polymorphism 
occurs in all three repeated regions at this locus.

7.7 Discussion

Of the 11 sequenced clones detected by the (GGAA)n repeat probe, 8 had 
inserts derived from extended Alu polyadenosine tails which had adopted 
a (GGAA)n repeated motif, and had expanded to 100-300bp in length 
(figure 7.2). Consequently, these tandem repeats were unsuitable for a 
PCR assay of variability, due to the unavailability of unique sequence 
DNA for PCR priming immediately 5' to each array. With hindsight, this 
problem could be obviated by a secondary library screen with an Alu 
consensus probe, and Alu-positive clones disregarded. A library 
consisting of an ordered array of recombinant phage would allow for a 
more efficient screening procedure in this case; such a library has 
recently been described for the rapid isolation of novel minisatellite loci 
(Armour et al., 1990).
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The formation of (GGAA)n repeats from Alu poly adenosine tails, and the 
expansion of an array from within a Kpn element (GGAA. 19) again 
raises the question of the relationship between tandem arrays and 
dispersed repetitive elements. The association of minisatellite tandem 
repeats with dispersed repeats is well documented (Armour et al., 1989b, 
1991; Kelly et a i,  1989; see chapter 3) but the significance is not well 
understood. It is possible that those regions of DNA generally associated 
with dispersed repeats show relaxed fidelity in DNA replication, allowing 
the fonnation of tandem repeat sequences.

Based on a limited sample of 24 unrelated individuals, GGAA.l and 
GGAA.7 were found to have 11 and 8 alleles respectively, as resolved by 
agarose gel electrophoresis (figures 7.4 and 7.6), and heterozygosities 
estimated at 92 and 88%. This high level of variability is despite the fact 
that the originally sequenced GGAA.l and GGAA.7 alleles were 
comprised mainly of imperfect repeats (figure 7.2) which would be 
expected to reduce variability by hindering mutation mechanisms such as 
DNA slippage during replication (see chapter 5). However it is possible 
that variability is confined entirely to those regions of the array which 
are comprised of perfect GGAA repeats. The apparently limited 
variability of GGAA.l in the gorilla when compared to man and 
chimpanzee may again reflect evolutionary transience of highly variable 
tandem repeat loci (see chapter 3). GGAA.7, which shows more modest 
variability in man is also polymorphic in chimpanzee, gorilla and orang
utan.

These tetranucleotide repeats appear to far more informative than (dC- 
dA)n-(dG-dT)n microsatellite markers, which typically have modest 
heterozygosites and allele distribution frequencies dominated by common 
alleles (Weber & May, 1989). A further advantage of (GGAA)n repeats is 
the greater ease with which alleles can be resolved; although it has been 
shown that high percentage agarose gels are adequate for resolving 
microsatellite alleles in many instances (chapters 5 and 6), difficulties 
arise were alleles differ by a single repeat unit (2bp), and polyacrylamide 
sequencing-type gels may be necessary in such instances. This is unlikely 
to be the case for a locus such as GGAA.l, which has well-spaced alleles 
ranging from 280-560bp. The combination of high variability with with
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small allele lengths renders such loci ideal for PCR analysis in forensic 
cases where DNA is limited or of poor quality (see chapter 6).

Linkage analysis of GGAA.l and GGAA.7 has shown that unlike 
minisatellites (Royle et al,, 1988), (GGAA)n arrays do not appear to be 
localized to the proterminal regions of chromosomes, and may therefore 
prove to be highly useful linkage markers in genetic analysis. Given that 
2 highly polymorphic (GGAA)n arrays with unique flanking sequence 
appropriate for PCR amplification were isolated from a library of 
approximately 10,000 clones, and that the average insert size was 700bp, 
such arrays, if evenly dispersed, should be found once every 35,OOOkb; ie 
>800 copies in the human genome. (GGAA)n repeats should therefore 
provide a new set of highly informative markers.

The locus GGAA.6 is a bizarre extended polyadenosine tail comprising an 
inverted repeat which may be capable of forming a hairpin structure. 
PCR amplification has revealed this locus to be moderately variable, with 
a heterozygosity of 76% and 6 alleles, two of which are very common 
(figure 7.10). This is a typical profile of a polymorphic simple tandem 
repeat such as a microsatellite (Weber & May, 1989). Sequence analysis 
of GGAA .6 in the chimpanzee and gorilla revealed the overall structure 
and polymorphic nature to be ancient, as expected for a locus with a 
relatively low mutation rate and in contrast to the extreme transience of 
highly variable mini satellites (see chapter 3).
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CHAPTER 8

CHARACTERIZATION OF TWO HUMAN 'MIDISATELLITE'
LOCI
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8.1 Introduction

Within the human genome, a hierarchy of tandem repeat structures exist, 
from microsatellites and simple tandem repeats of less than a kilobase, 
through minisatellites a few kilobases in length to satellite DNA, which 
may span several hundred kb. Within this hierarchy, a further class of 
repeat sequences has been identified: ‘m idisatellites’. As the name 
suggests, midisatellites fall between minisatellites and satellite DNA in 
size range. Two mWisatellites have been reported to date, a 40bp tandem 
repeat of some 250-500kb near the telomere of the short arm of 
chromosome 1 (Nakamura et al., 1987b) and a more modest 10-50kb 
array of 61 bp tandem repeats located in the pseudoautosomal region of 
the X and Y chromosomes (Page et a i,  1987). Both of these loci exhibit 
length polymorphism as well as variation in internal repeat sequence, 
which can be revealed by restriction enzymes that cut some repeat units 
but not others, producing a complex and variable haplotype of 
cosegregating fragments. This chapter describes the characterization of 
two further midisatellite loci, both arrays being detected by the same 
repeat sequence.

8.2 Isolation o f a midisatellite repeat array from  an M IS  genomic 
library, and subsequent sequence analysis

Human DNA from 16 individuals was pooled and digested with A lu\, 
HaeUl and Rsal. The 400-1000bp fraction was gel purified and ligated 
into the Smal site of M13mpl8 (Yanis-Perron et al., 1985) to generate a 
library of approximately 10,000 clones (see chapter 5). This library was 
screened with a (GGCA)n repeat probe as described in chapter 7. Two 
plaques cross-hybridized strongly to this probe, and were designated 
GGCA.l and GGCA.2. GGCA.l is described in chapter 7. Sequence 
analysis of clone GGCA.2 revealed an insert consisting of a 9bp tandem 
repeat sequence with the consensus AGCCAAGCC (presumably derived 
from an AGCC tetranucleotide repeat), but with a large degree of 
divergence between repeats (figure 8 .1).
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Figure 8.1. GGCA.2 tandem repeats. Twelve 9bp tandem repeats from 
clone GGCA.2 are shown, with base changes from the consensus.
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8.3 Southern transfer analysis o f GGCA.2

The original purpose of screening an M l 3 library with a (GGCA)n probe 
was to isolate variable tetranucleotide repeats amenable to typing by PCR 
(see chapter 7). However, the insert of clone GGAA.2 consisted entirely 
of repeated sequence and so gave no opportunity to design flanking PCR 
primers. Consequently, in order to establish the nature of this repeat 
sequence, a probe was generated by PCR amplification of the GGCA.2 
insert using the forward and reverse M l3 sequencing primers. The PCR 
product was gel purified and used to probe a Southern blot of DNA from 
3 unrelated individuals cut with 3 different restriction enzymes. Washing 
at high stringency (O.lx SSC, 0.01% SDS) left a complex pattern of 
monomorphic and polymorphic bands, varying in size distribution 
according to the restriction enzyme used (figure 8.2).

To determine whether these bands represented a single locus or multiple 
scattered loci, pedigree analysis was performed. Aliquots of DNA from a 
large family consisting of mother, father and 14 offspring were digested 
with Hinfi, which gave the largest number of polymorphic bands, and the 
resulting Southern blot probed with GGAA.2 (figure 8.3). Two sets of 
cosegregating polymorphic bands were clearly observed, implying that 
GGCA.2 detects at least two polymorphic loci. Obviously it was not 
possible to follow the inheritance pattern of the monomorphic bands. 
Consequently such fragments may be sections of either the two 
polym orphic arrays or alternatively may represent one or more 
completely different loci.

8.4 Chromosomal assignment o f the loci detected by GGCA.2

On the assumption that just two loci were detected by GGCA.2, an 
attempt to determine the chromosomal location of each locus was carried 
out by somatic cell hybrid analysis. DNAs from a panel of human/rodent 
hybrid cell lines (described in table 2.1; provided by Dr Sue Povey, 
University College, London) were digested with H infl and the resulting 
Southern blot probed with GGCA.2. This placed one locus firmly on 
chromosome 2, and the second tentatively on chromosome 15. Subsequent 
linkage analysis using the LINKAGE programs (Lathrop et al., 1985) and 
the CEPH database version 2 (with the assistance of Dr John Armour)
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Figure 8.2. Multiple DNA fragments detected by GGCA.2 at high 
stringency. DNA from 3 unrelated individuals (1,2,3) was digested with 
H infl, HaeYH or Alul and electrophoresed through a 0.8% agarose gel in 
TAB. Following transfer to a nylon membrane (Amersham Hybond-N) 
hybridization with the GGCA.2 insert, 32p_iabelled by random 
oligonucleotide priming, was performed at high stringency.
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Figure 8.3. Pedigree analysis of the loci detected by GGCA.2 in H in fl 
digested DNAs from a large CEPH family. Sets of co-segregating 
fragments are joined by brackets and designated A-E. Paternal haplotypes 
A and B are allelic, with haplotype C showing a completely different 
segregation pattern. Similarly, maternal haplotypes D and E do not show 
allelic segregation. GGCA.2 therefore detects 2 polymorphic loci in 
human DNA. Monomorphic bands may represent further loci detected by 
GGCA.2, or may be fragments derived from the variable loci. Pulsed- 
field gel and somatic cell hybrid analysis suggest that the latter is more 
likely. Experimental procedures were as for figure 8.2.
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confirmed that locus 1 was on chromosome 2, and further positioned it 
near the centromere, the closest marker being CRI-C13B (Donis-Keller et 
al., 1987; z=3.61 at 6=0).

8.5 Size estimation by pulsed fie ld  gel analysis

A Southern blot of a pulsed-field gel containing human DNA cut with a 
range of restriction enzymes, kindly provided by Dr. Nicola Royle, was 
probed with GGCA.2 at high stringency (figure 8.4). The rare cutting 
enzyme Sfi\ appears to generate four bands detectable by GGAA.2; two 
strongly hybridizing bands in the region of 50-100kb, and two much 
fainter bands at -150 and ~200kb. It is therefore possible that the lower 
bands represent alleles of one of the midisatellite loci, whereas the the 
upper, fainter bands represent the second locus. Alternatively, both loci 
may be in the size range 50-100kb, the two upper bands representing 
partial digestion products.

8.6 The nature o f these loci in other primates

In order to explore the structure of these midisatellite loci in other 
primates, DNA samples from great apes and Old World monkeys were 
digested with H infl, subjected to agarose gel electrophoresis and the 
resulting Southern blot probed with GGCA.2 at high stringency (figure 
8.5). As expected, the chimpanzee and goriUa showed complex banding 
patterns similar to those seen in humans, but surprisingly the orang-utan 
DNA gave no signal whatsoever, even after long exposure times. The Old 
World monkey DNAs either gave no signal (celebes macaque, baboon and 
colobus monkey), or showed 1-3 low (<2kb) molecular weight bands 
(rhesus macaque, iris macaque and mangabey).

8.7 Discussion

Probe GGCA.2 detects two large (50-200kb) tandem arrays in human 
DNA, which are highly polymorphic in internal structure. The 
relationship between these two midisatellites is not known; given the 
simple nature of the repeat unit (AGCCAAGCC) it is possible that the 
two sequences arose independently. Alternatively, one array may have 
originated from the other, perhaps via a DNA-mediated transposition
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Figure 8.4. Pulsed-field gel analysis of the two midisatellite loci. Blot 
kindly provided by Dr. Nicola Royle. (3jig aliquots of digested DNA 
were electrophoresed for 26 hours at 200V through a 1.5% agarose gel in 
TBE at 140. Pulse time was 25 seconds. Following electrophoresis, DNA 
was transferred to Hybond-N). At high stringency, GGCA.2 apparently 
detects two strongly hybridizing bands in the range 50-100kb and two 
much fainter bands at -1 5 0  and -200kb in DNA digested with S fil 
(arrowed). The varying intensity of these bands may indicate that they 
represent the two midisateUite loci, with two alleles of different length at 
each locus. Alternatively, both loci may be in the size range 50-100kb, 
the two upper bands representing partial digestion products.
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Figure 8.5. Cross-hybridization of GGCA.2 to H infi digested DNA from 
a range of Old World primates. As in man, GGCA.2 generates a complex 
profile comprising multiple fragments from chimpanzee and gorilla DNA 
at high stringency. However, no cross-hybridizing fragments are apparent 
in the orang-utan. Old World monkeys have very simple profiles 
consisting of one, two or three low molecular weight bands, or show no 
cross-hybridizing fragments. Experimental procedures were as for figure 
8 .2.
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event similar to that which is thought to have given rise to a second locus 
detected by minisatellite probe MS29 (Wong et a l, 1990).

One or both midisatellite loci appear to be present in the chimpanzee and 
gorilla, but surprisingly no signal is obtained from orang-utan DNA, 
suggesting that both loci are absent, or that the repeat sequences have 
diverged to the extent where they are no longer detectable by GGCA.2. 
Absence of these arrays in the orang-utan would imply either loss along 
the orang-utan lineage or incredibly rapid expansion along the lineage 
leading to the man/chimpanzee/gorilla clade. If the latter is true, the 
maximum age of both arrays would be approximately 15 million years, 
the estimated divergence point of the orang-utan and the African apes. 
Support for such recent expansion comes from the profiles generated by 
GGCA.2 in Old World monkeys - very simple patterns consisting of one 
two or three low molecular weight bands, or no signal at all. It is possible 
that these bands represent a ground state comprising a few repeats, from 
which the midisatellite loci in humans, chimpanzees and gorillas has 
expanded, but in the absence of further evidence this remains speculation.

Similar studies of the midisatellite locus on chromosome 1 (Tynan & 
Hoar, 1989) gave remarkably similar results to those presented here; a 
large polymorphic locus in man and the African apes, but simple low 
molecular weight profiles in the orang-utan; gibbon and Old World 
monkeys. Thus these midisatellite loci may represent an extreme example 
of the evolutionary transience of highly polymorphic tandem arrays (see 
chapter 3). In view of this, the suggestion by Nakamura et al. (1987) that 
the chromosome 1 midisatellite may have an important function, such as 
chromosome recognition at meiotic pairing, seems highly unlikely.
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CHAPTER 9 

OVERALL DISCUSSION
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9.1 Factors affecting variability and mutation rate at minisatellite loci

Two obvious parameters to consider with regard to the factors affecting 
variability (which ultimately reflects mutation rate) at minisatellite loci 
are repeat unit sequence and array length. The first batch of myoglobin 
related minisatellites to be isolated contained an almost invariant 15bp G- 
rich ‘core’ sequence embedded within each repeat unit of the tandem 
array, this core sequence bearing similarity to the % recombination signal 
of E. coli and giving rise to speculation that minisatellites were 
eukaryotic recombination hotspots (see below and Introduction). The core 
sequence therefore seemed to facilitate high levels of variability. 
However, minisatellites subsequently isolated with both core probes and a 
variety of other G-rich probes, from both human DNA and other 
genomes, show limited homology to the core, but can still display high 
levels of variability (see Dover, 1989). Furtherm ore, AT-rich 
hypervariable minisatellites have also been isolated (Stoker et al., 1985; 
Knott et al., 1986). On this evidence, it would appear that repeat unit 
sequence plays a limited role in dictating the level of variability at 
minisatellite loci. However, many different mutational processes appear 
to be operating at minisatellites (see below), and the presence of a core 
sequence may promote specific mechanisms, or allow such mechanisms to 
operate; a view supported by the identification of core binding proteins 
(Collick & Jeffreys, 1990; Wahls et al., 1991).

The importance of overall array length in determining the degree of 
variability at minisatellites is also unclear, although as a general rule of 
thumb, shorter minisatellites tend to be less variable. However, this is not 
always the case: mini satellite MS228B is far more variable than would be 
expected for a locus with all alleles shorter than 6kb (-350 repeat units) 
and most less than 3kb (Armour et al., 1989). Furthermore, MS8 and 
MS31, despite similar allele size distributions and length of repeat units, 
show widely differing degrees of variability. While MS31 has far in 
excess of 40 alleles (David Neil, personal communication), MS8 has just 
9, four of which have significant population frequencies (Wong et al,, 
1987). This presumably reflects a lower mutation rate at MS8 which 
allows alleles to become common through genetic drift; higher mutation 
rates do not allow allele fixation but instead render the array extremely 
unstable and transient (see chapter 3). MS8 would therefore be expected
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to be reasonably persistent in evolutionary terms. The midisatellite loci 
described in chapter 8 would appear to represent an extreme example of 
evolutionary transience, and may therefore be expected to have a 
relatively high mutation rate, although no data exist to confirm this. In 
conclusion, there seems to be no clear correlation between array length 
and variability or mutation rate.

In contrast, array length has clearly been shown to be an important factor 
in microsatellite variability (Weber, 1990), probably indicating that the 
mutational mechanism operating at dinucleotide repeat loci (generally 
thought to be DNA slippage during replication; see Levinson & Gutman, 
1987) is different to that operating at minisatellites. However, perfect 
dinucleotide repeats are very constrained in length, possibly because large 
arrays accumulate base substitutions which cannot be removed quickly 
enough by array homogenization (see chapter 5). This leads to a third 
factor which may possibly influence mutation rate and variability at 
m inisatellite loci: their location in the genome. It is known that 
‘compositional isochores’ with differing base substitution rates exist in 
human DNA (Wolfe et al., 1988), and it is clear that the base substitution 
rate around MS 32 is elevated compared to the general rate in non-coding 
DNA (chapter 3). This might be expected to lower variability at MS32 as 
a result of erosion of repeat unit homogeneity, which may in tum hamper 
mechanisms such as sister chromatid exchange, as is thought to have 
occurred in the stable 5* and 3' haplotypes of variant repeat units in MSI 
(chapter 3). However, the rapid expansion of MS32 over a very short 
evolutionary time period (<6 million years) is unlikely to have allowed 
sufficient time for the accumulation of base substitutions, even with this 
elevated rate.

Mutation events at MS32 are polarized towards one end of the array, 
implying that the mutational process is influenced or govemed by a 
neighbouring cis-acting element (Jeffreys et al., 1990, 1991b). If this is a 
general phenomenon at minisatellite loci, it will help to explain the 
apparent lack of correlation between either array length or repeat unit 
sequence and variability and mutation rate. At the time of writing, studies 
involving transgenic mice harbouring MS32 repeat arrays are underway, 
and will hopefully give an insight into the effect of surrounding sequence
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on minisatellite mutation rates (A. Jeffreys & A. Collick, personal 
communication).

9.2 Minisatellites as hotspots fo r  meiotic recombination

The possible involvement of minisatellites in meiotic recombination 
(Jeffreys et aL, 1985a; see introduction) has been brought into question 
recently, mainly due to observations leading to the conclusion that the 
majority of events which generate new length minisatellite alleles are 
intra- rather than inter-allelic, and are likely to result from sister 
chromatid exchange or DNA slippage during replication (Wolff et al., 
1988, 1989; Jeffreys et al., 1990; see introduction). The notion of 
m inisatellites as mediators of meiotic recombination is also dealt 
something of a blow by the apparent lack of conservation of 
hypervariable arrays even between closely related species (chapter 3); it 
might be expected that functions as important as synapsis and meiotic 
recombination would be govemed by DNA motifs which are reasonably 
well conserved between very closely related species. Furthermore, the 
documented expansion of at least three minisatellites from within 
dispersed repeat elements (Armour et al., 1989; see chapter 3; Kelly et 
al., 1989; Armour et al., 1991) and their general association with 
dispersed and other tandemly repeated elements (Armour et al., 1989) 
would seem to suggest that minisatellites accumulate in regions of DNA 
where constraints on the large scale organization of DNA sequence are 
relaxed, allowing retroposon insertion and tandem array expansion, 
possibly under the influence of cis-acting elements as described above.

Although minisatellite expansion may be the result of cis-acting DNA 
elements, initial expansion would still appear to be largely stochastic; 
MS32 is a highly variable minisatellite only in man, and the computer 
simulation data presented in chapter 3 imply that very few lineages will 
ever reach a target repeat copy number currently observed at MS32 in 
contemporary human populations, under a model where gains and losses 
of repeat units via sister chromatid exchange are equally likely, and 
where mutation rate is proportional to the number of repeat units. 
However, in the light of more recent data, this model appears to be an 
over-sim plification. Recent experim ents have dem onstrated that 
interallelic recombination, although not a major mechanism in the
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generation of new length alleles, is certainly significant at the MS32 
locus, and possibly represents a 700-fold enhancement over the mean 
recombination frequency of the human genome (Jeffreys et al., 1991b). 
Furthermore, there appears to be a bias in favour of gain of repeat units, 
and polarization of the mutation process towards one end of the array 
implies that mutation rate is not proportional to the number of repeat 
units.

O ther m ammalian recombination hotspots are generally poorly 
characterized; the most extensively studied are those of the mouse major 
histocompatibility complex. Four hotspots have been identified at this 
locus (reviewed in Steinmetz et al., 1987) and two of these have been 
characterized at the molecular level, one within the EP gene and the other 
between the AP3 and AP2 genes (Steinmetz et al., 1986; Uematsu gf al., 
1986). Perhaps significantly, both hotspots are in the vicinity of a 
tetranucleotide repeat array; (CAGG)j.g in the case of the EP associated 
hotspot, and (CAGA)4-6 in the AP3/A P2 hotspot. However, there is no 
direct evidence to suggest that these elements are involved in (or 
responsible for) the elevated level of recombination. Array length does 
not change following a recombination event, and in those cases where 
recombination products have been analysed at the DNA level, the 
breakpoint has been found to be upstream of the tandem array. A further 
candidate for promoting recombination has been identified at the 
A P 3/A P 2 hotspot; a 36bp stretch of DNA which has homology to a 
conserved portion of endogenous mouse retroviral LTR-like elements 
(Uematsu et al., 1986). The frequency of recombination of plasmid-bome 
LTRs in vitro has been shown to be greatly reduced following deletion of 
this sequence, which interacts with two or more nuclear proteins 
(Edelmann et al., 1989). Perhaps significantly, MS32 has expanded from 
within a retroviral LTR-like element (Armour et al., 1989b; see chapter 
3), although the MS32-associated element bears no homology to this 
murine element. Other known recombination hotspots reside in the 
pseudoautosomal region of the human sex chromosomes (reviewed in 
Burgoyne et al., 1986) and possibly in the subtelomeric region of the long 
arm of the X chromosome, at the position of the fragile X site (Szabo et 
al., 1984). The pseudoautosomal region is known to contain several 
tandem repeat arrays (Simmler et al., 1987; Page et al., 1987), and the
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fragile X site has recently been characterized at the molecular level and 
shown to consist of a (CGG)n repeat array (Kremer et al,, 1991).

The association of tandem repeat arrays with recombination hotspots is 
compelling; however, tandem repeats are not a prerequisite for elevated 
levels of recombination. A 1.9kb fragment from a region of DNA 
upstream of the P-globin gene, thought to be a recombination hotspot, 
showed significant enhancement of recombination compared with a 
neighbouring fragment of similar size on transfection into yeast cells. 
Although this fragment contained a (CA)n microsatellite tandem repeat, 
deletion of the microsatellite had no effect on the recombinational activity 
{Treco et a i ,  1985). The circumstantial association of tandemly repeated 
arrays with recombination hotspots, coupled with the polarity of mutation 
events observed at MS32 may therefore suggest that minisatellites arise 
and are maintained as hypervariable arrays as a result of flanking DNA 
motifs which act to stimulate recombination. If true, this would imply 
that minisatellites are the identifiable consequence of recombination 
hotspots, rather than being true recombination hotspots themselves.

9 3  Simple tandem repeats as genetic markers

(dC-dA)n*(dG-dT)n microsatellites are potentially very useful markers 
for genetic linkage analysis. Although variability is low relative to 
m inisatellites, microsatellites are a far better prospect for linkage 
mapping than RFLPs. It has been estimated that about 12,000 (dC- 
dA )n (dG -dT)n repeats with PIC values of >0.5 exist in the human 
genome (Weber, 1990); the maximum PIC value for a diallelic RFLP is 
0.375. Given their apparent random distribution (Luty et al., 1990) and 
the ease with which they may be isolated, microsatellites should make a 
significant contribution to the human genetic linkage map. The ubiquity 
of microsatellites in eukaryotic genomes means that their potential as 
linkage markers is not limited to man. Microsatellites are already proving 
extremely useful in linkage mapping in the mouse (Love et al., 1990), and 
have recently been used to identify two genes which confer susceptibility 
to insulin-dependent diabetes in mice (Todd et al., 1991). Microsatellite 
markers have also recently been instrumental in the mapping of two 
genetic loci associated with blood pressure regulation in rats with 
hereditary hypertension (Hilbert et al., 1991; Jacob et al., 1991).
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Identification of the gene defects responsible for such polygenic disorders 
in animal models should assist in unravelling the pathogenesis of the 
equivalent multifactorial disorders in man (see Avner, 1991). The 
potential of microsatellites also is being explored in several commercially 
important species, including poultry (Bmford & Burke, 1991) and fish 
(Bentzen et al., 1991), with the overall aim of linking such markers to 
desirable quantitative traits. Furthermore, low variability at some 
microsatellite loci may render them useful for establishing distant 
relationships between, for example, populations and species (see Burke, 
1991).

The most frequently used system for typing microsatellites is end 
labelling one of the PCR amplimers with y-SZp.jATP and resolving the 
resulting labelled microsatellite alleles on sequencing-type denaturing 
polyacrylamide gels (Weber & May, 1989; Litt & Luty, 1989; Tautz, 
1989). This procedure is cumbersome and time consuming, and although 
necessary for determination of absolute allele sizes for allele frequency 
database construction in, for example, a forensic context (see chapter 6), 
appears to be largely unnecessary for linkage analysis, as an adequate 
degree of resolution can frequently be achieved from high percentage 
agarose gels (chapter 5). Only in instances where alleles differ by a single 
repeat unit (2bp) are acrylamide gels required, as 4bp differences can 
comfortably be resolved on high percentage agarose gels (see chapter 6, 
figure 6.3). Resolving alleles on agarose gels simplifies and quickens 
microsatellite typing considerably, and removes the need for radioactive 
labelling. Similarly, larger and more variable tri- and tetranucleotide 
repeat arrays, also amenable to typing by agarose gel electrophoresis, 
should provide a useful source of linkage markers, although frequent 
association with dispersed repeats may render careful avoidance of 
retroposon associated arrays necessary, in order that unique sequence 
PCR amplimers may be designed.

In forensic science, microsatellites have one advantage over mini satellites; 
limited length. This allows severely degraded DNA samples, where the 
average single stranded DNA length may only be a few hundred 
nucleotides, to be typed. U nfortunately though, relatively low 
heterozygosities, coupled with allele frequency distributions dominated by 
common alleles, significantly weaken the statistical pow er of
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m icrosatellites. This problem may be overcome by using more 
informative tetranucleotide repeat arrays, which are still typically less 
than a kilobase in length. However, the use of simple tandem repeat loci 
in forensic science is likely to be superseded by minisatellite variant 
repeat mapping (see introduction and chapter 4) which can be successfully 
applied to degraded DNA samples, providing enough information for 
database interrogation (Jeffreys etaL, 1991b).

9.4 Concluding remarks

Despite the apparent clustering of minisatellites in the proterminal 
regions of chromosomes (Royle et j/.,1988; Nakamura et al., 1988; 
Armour et al., 1990), tandem repeats in general appear to be widely 
scattered across much of the human genome; it has been suggested that 
there are very few long tracts of truly unique sequence in human DNA, 
and that most regions are either obviously tandemly repeated, or consist 
of ‘cryptic’ tandem repeats which are scrambled and scattered with base 
substitutions, rendering them difficult to distinguish from true unique 
sequence DNA (Tautz et al., 1986; Dover, 1989). Tandem repetitiveness 
would therefore appear to be a common rather than exceptional state for 
human DNA, possibly due to mutational biases which preferentially 
generate simple tandem repeat sequence in the absence of selection. Given 
that much of this tandemly repeated DNA will show length or internal 
variation, and coupled with novel methods for the detection of base 
substitutions such as single stranded conformational polymorphism 
(SSCP; Orita et al., 1989), it seems likely that polymorphism will be 
detectable in almost any tract of DNA in the human genome.
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