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ABSTRACT

Restriction fragment length polymorphisms (RFLPs) within the deoxyribonucleic acid
molecule were analysed to determine the extent of their ability to provide discriminating human
DNA profiles for forensic identification. The two types of RFLPs studied were variable number of
tandem repeats (VNTR), the technique commonly used by North American forensic laboratories,
and dimorphic restriction endonuclease recognition site (RES) developed in this laboratory.

Data bases showing allele frequencies were collected for four VNTR hypervariable regions,
D2S44, D16S85, INS, and D14S13 from an undefined population group obtained from the Greater
Vancouver Area. Allele frequency distributions from this group were similar to the larger and
more statistically defined allele distributions obtained by other laboratories, the RCMP Molecular
Biology Unit in Ottawa and Promega associated laboratories in all of which analysed Caucasian
populations.

An alternative technology to VNTR was based on the selection of five regions within the
human genome that contain dimorphic restriction endonuclease recognition sites (RES). A
nucleotide sequence of approximately one kilobase that contained the RES was selected from the
genes of the following proteins : adenine phosphoribosyltransferase (APRT), prealbumin (PALB),
adenine deaminase (ADA), carbonic anhydrase II (CAH) and lipoprotein lipase (LPL). After
amplification of the nucleotide sequence by the polymerase chain reaction (PCR), the presence or
absence of the internal RES was analysed by restriction endonuclease digestion followed by agarose
gel electrophoresis. From the pattern (size and number) of the restriction fragments generated, it
is possible to make genotype assignments with respect to the RES. Restriction endonuclease
activity was monitored by the presence of a control DNA fragment which is also cleaved by the
restriction endonuclease used for each specific analysis. Statistical calculations demonstrated that
by using 16 unlinked dimorphic RES, rapid individual identification to a certainty of one in 6.5

million is possible.
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Analysis of casework and/or laboratory simulated forensic specimens indicate that both the
VNTR and RES system are discriminating and can be applied to non-ideal specimens. However,

the RES system offers a much simpler and more reliable methodology.
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GENERAL INTRODUCTION

At the University of Lyon in France in 1910 Edmund Locard formulated his exchange
principle in which he postulated that the criminal always leaves something behind at the scene of
his crime which was not there before and similarly carries away with him something which was not
on him when he arrived [1]. One of the most important applications of the Locard exchange
principle for the forensic scientist is to either associate or disassociate biological specimens such as
blood and semen stains with persons under suspicion of committing the crime under investigation.
Forensic science may be defined as the application of scientific techniques to the investigation of
crime. Forensic scientists are often required to examine materials associated with an incident,
either suspected or known to contravene the law.

Until fairly recently, forensic serology routinely involved the application of immunological,
serological and biochemical methods to blood and body fluids and stains of blood and body fluids
[2-4]. These tests are possible due to genetic markers in human populations which are detected as
inherited protein variants. The five major classes of genetic markers are blood group antigens,
isoenzymes, serum group antigens, haemoglobin variants, and the human leucocyte antigens (HLA).

In most instances, the analysis is based upon the presence of structural differences of
specific proteins in vivo. Hence, the success of such testing is critically dependent on the
preservation of these proteins in samples. Factors such as age, size, and storage condition
(environment) of the biological specimen influences the preservation of the original structure [5].
Tissue-specific gene expression will also determine the presence of certain proteins thereby limiting
the types of specimen suitable for analysis. Furthermore, protein and other cellular components
from bacterial contamination of samples [6], mixed body fluid samples [7], or samples originating
from more than one individual may make interpretation difficult or even give inaccurate results.

Even in the absence of these problems, while exclusion is absolute, a conclusive match is
almost impossible. The limited number of measurable variations in the majority of these protein

systems means that a large percentage of the population will share any one specific protein variant.



In most instances, the "inclusion" of an individual (positive result) may only be an indication that
the specimen is consistent with a possible origin from that individual [8] and not positive proof of
association. In the last five to six years, extensive efforts have been made to remedy the problems
of uncertain identification and to increase the discriminative potential of forensic specimen testing
by utilizing the rapid advances in the analysis of the cellular genetic material otherwise identified

structurally as deoxyribonucleic acid (DNA) [9-18].

Genetic Variation In The Human Genome:

The study of individual genetic variation at the genotypic level as opposed to the
phenotypic level has been made possible by the introduction of recombinant DNA technology. The
direct analysis of DNA not only allows for the determination of specific base sequences responsible
for altered proteins, but also permits the detection of sequence variation in non-expressed DNA
[19]. The human genome, which is 6 X 10? nucleotides per diploid genome, consists of both
coding and non-coding regions. Coding regions function in determining the composition and
sequence of amino acids making up proteins [20]. The non-coding regions are DNA sequences
which either have regulatory roles such as controlling the degree of gene expression in specific
tissues, or have no kﬁown function.

It is believed that only a small percentage of the genome serves a coding function so that
the majority of the non-coding sequences may be in fact non-functional [21]. However, the
significance of most of the sequences will probably remain unclear until the Human Genome
Project has been completed. It is in these non-coding sequences that the potential for sequence
variation is the greatest since such sequences would not be under the influence of evolutionary
constraints placed on coding sequences [20].

Due to selection pressures and genetic drift, a 400 amino acid protein changes only
approximately once every 200 thousand years [22]. In electrophoretic polymorphism studies of 71
different types of proteins in European populations, the frequency of polymorphic loci found was

0.28 [23]. Based on this value, Botstein et al. have estimated that the frequency of DNA sequence



polymorphism for protein-coding sequences to be about 0.001 per base pair [24]. However,
analysis of polymorphism at the level of the protein does not provide an adequate measurement of
variation of the total genome. Compared to coding regions, the extent of sequence polymorphism
is far greater in the human genome as a whole (both coding and non-coding regions) [25]. Cooper
et al. calculated that unique DNA sequence heterozygosity in human autosomes is 0.0039 which
suggests that the majority of the sequence variation occurs in non-coding regions at a frequency of
about one every two to three hundred base pairs [25].

These findings support the conclusions of Alec Jeffreys in his analysis of the B-related
globin gene complex in man [26]. Three DNA sequence variants were detected within this complex
of genes and surprisingly, all three variants were found in the intervening (non-protein coding)
sequences which made up only 3.4 kilobases out of the total of 41 kilobases. As it seemed unlikely
that this observation occurred purely by chance, Jeffreys suggested that there was a preferential
accumulation of DNA sequence variation within the intervening sequences. This would indicate
that any possible role played by the intervening sequences would not require fixed sequences.
Jeffreys further suggested that if the amount of polymorphism associated with the B-related globin
gene complex is indicative of the degree of variation found in the rest of the genome, then the
frequency of variation for the human genome would be about one in a hundred base pairs.

However, the results of a more recent study suggests that sequence variation in coding
sequences contribute significantly to sequence polymorphism of the entire genome [27].
Comparison of protein-coding sequences between human and rodent homologous genes indicate
that the rate of nucleotide substitution is highly variable with regards to 1) type of substitution
(synonymous and nonsynonymous), 2) different gene regions and 3) different genes [27]. In this
study of 17 protein coding sequences the mean rate of synonymous substitution (no change in
amino acid) was found to be five fold higher than that of nonsynonymous substitutions (change in
amino acid). This is a consequence of selection against any nonsynonymous mutations which cause

deleterious effects on the function of a protein whereas synonymous mutations are tolerated.
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Different regions within a protein (coded by different gene region) have various functions such that
some regions are more constraint than others leading to differing substitution rates in the coding
sequence (i.e. substitution rate is seven times higher in the C-peptide of the proinsulin gene
compared to the A- and B- chain which make up the active portion of the hormone) [27].
Synonymous and nonsynonymous substitution rate variation also occurs among genes. This
difference may be due to differing functional constraints or differences in the rate of mutation at
different loci and the differences in the chromosomal position of the gene [27]. In a comparison
between cows and goats, fourfold degenerate sites within the 8- and a-globin gene had nucleotide
substitution rates comparable to that observed with regions not subject to functional constraints
such as introns, 3’flanking sequences and 8-globin pseudogenes [27]. In light of these results, the
frequency of sequence heterozygosity in coding sequences may be much higher than previously

assumed from proteins studies and limited coding sequence studies.

Restriction Fragment Length Polymorphisms (RFLPs):

The method used by some of the above mentioned researchers such as Cooper et al. [25]
and Jeffreys [26], for their studies of DNA sequence polymorphism is based on the utilization of
bacterial restriction endonucleases. There are different types of restriction endonucleases and the
most commonly used type is type II restriction endonuclease. These enzymes recognize specific
base sequences and will cut DNA only at a specific site either within or adjacent to that site [28].
Type I restriction endonucleases bind DNA at specific sequences but cleave DNA at random sites
when the DNA loops back to the bound enzyme [29]. These type I restriction endonucleases are
not applicable to VNTR analysis and will not be considered here.

Restriction endonuclease digestion of genomic DNA results in multiple DNA fragments of
various sizes. The sizes generated are dependent upon the distances separating any two base
sequences recognized by the specific endonuclease. The resulting fragments are then organized
according to size by agarose gel electrophoresis and detection of specific sequences (fragments) is

possible using Southern blotting [30] or variations of this blotting procedure. This involves the



transfer of DNA fragments from agarose to a solid support membrane such as nitrocellulose or
nylon which is much more easily manipulated than agarose, followed by hybridization with specific
nucleic acid probes. The discovery that a DNA probe for one region of the genome detected
restriction fragments of different sizes in different individuals resulted in the exploitation of
restriction fragment length polymorphisms or "RFLPs" in molecular biology.

Restriction fragment length polymorphisms are due to changes in DNA which alter the
distance separating two restriction endonuclease recognition sites. This can be accomplished by
point mutations leading to changes in base sequences which either create or eliminate a restriction
endonuclease recognition site (RES) [19]. Point mutations in DNA are responsible for a number
of inherited disorders. While these genetic changes within some RES are deleterious, changes in
other RES are apparently harmless to the affected individual. These non-deleterious mutations are
inherited in a Mendelian fashion and occur at high frequencies.

RFLPs have become valuable tools as markers for genetic mapping, and for genetic disease
research [31]. They have been used to determine the approximate location of genes responsible for
diseases such as Huntington disease [32], Alzheimer’s disease [33], Duchenne muscular dystrophy
[34] and cystic fibrosis [35]. By following the inheritance of linked markers, predictive tests are
available to determine individuals at risk for certain genetic diseases. Analysis of this kind has
made possible the prenatal diagnosis of several inherited disorders such as sickle cell anemia
[36,37], phenylketonuria [38], Duchenne muscular dystrophy [39] and Hemophilia A [40].

Inherited alterations in restriction fragment size can also be a result of insertion of DNA
into an area or deletion of DNA from an area bracketed by two sequences recognized by the same
endonuclease. This type of polymorphism was first detected on chromosome 14 by Wyman and
White who used a segment of single-copy human DNA as a probe [41]. This locus exhibited 8
alleles and family studies indicate that these alleles are inherited in a Mendelian fashion. Similar
polymorphisms detectable with single copy (or single locus) probes have since been found near

genes such as the insulin [42,43], and alpha globin [44,45] loci. These loci are hypervariable due to



the presence of core sequences tandemly repeated a variable number of times. Such
polymorphisms have been termed "variable number of tandem repeats” or " VNTRs". VNTRs are
very informative for genetic analysis because each locus has the potential for a large number of
alleles resulting from differences in the number of tandem repeats [41]. These differences are
presumably due to recombination by DNA slippage during replication or by unequal exchanges
during mitosis or meiosis [9].

Before proceeding further, it is necessary to discuss the use of "allele" in the context of
restriction fragment length polymorphisms (RFLPs). Historically, "allele” refers to an alternate
form of a gene which serves some coding or regulatory function [46]. Others have argued that in
modern times, the term "gene" is used to describe any heritable unit of the genome regardless of
coding potential and since restriction DNA fragments are inherited as codominant traits according
to Mendel’s laws, the term "allele” should be defined as alternate forms of any identifiable DNA
variation in the genome [47,48]. In light of the fact that published material from the forensic DNA
typing community utilizes the term "allele" for RFLPs, this author will also adopt this term for the
purposes of consistency.

In contrast to the VNTRs described above which exist as unique sequences, there are also
VNTRs found in multiple copies throughout the human genome. These VNTRs or "minisatellites"
were first described by Jeffreys et al. who utilized a 33 base pair sequence from an intron of the
human myoglobin gene [9]. A tandemly repetitive probe (probe 33.15) made with this 33 base pair
core sequence was able to simultaneously detect many variable regions within the human genome.
The resultant autoradiograph exhibited numerous bands and the banding pattern was highly
variable from individual to individual. Band comparisons between pairs of randomly selected
individuals showed minimal band sharing [10].

These minisatellite banding patterns were highly specific to an individual such that the
probability of finding the same pattern, using probe 33.15, in a second unrelated individual was 3 X

1077 or 1 in 30 trillion [10]). Further analysis with other such minisatellite probes demonstrated



that a combination of two of these probes would be almost totally individual specific. The only
exception to this specificity is between monozygotic twins in which case the DNA patterns are
identical. The high level of discrimination of the minisatellite probes led to the term "DNA
fingerprinting" which is a trade name registered by the British company Imperial Chemical
Industries (ICI).

All fragments from an individual can be traced to one or the other parent with
approximately half of the fragments being of paternal origin and the remaining fragments of
maternal origin. This is due to the fact that these hypervariable fragments are stably inherited and
segregate in a Mendelian fashion [9]. This observation led to the eventual application of such
multi-locus (minisatellite) probes to create individual-specific "fingerprints" for human
identification, including paternity determinations.

The first official use of DNA genetic typing for human identification was in a 1985
immigration case [49]. The objective was to determine the maternity of a boy who was attempting
to re-enter the United Kingdom on the premise that his mother was already a resident of the
United Kingdom. Immigration authorities suspected that a switch had occurred and that the boy
was in fact the nephew of the woman involved. Conventional blood testing could not differentiate
between the two possible relationships. DNA testing with two of the Jeffreys’ minisatellite probes
showed beyond a reasonable doubt that the relationship of the boy and woman was one of mother
and son.

Human identification for immigration purposes is only one application for DNA genetic
typing. Forensic identification of unidentified bodies or of crime-associated specimens can also be
greatly facilitated and improved with this advanced technology. Initial studies to assess the
feasibility of the application of DNA genetic typing to forensic specimens were performed at the
Home Office Forensic Science Service Central Research Establishment in the U.K. [11]. The
results of these studies confirmed the potential of the procedure. DNA prints were obtained from

specimens such as semen stains, four year old blood stains, and fresh hair roots. This was further
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substantiated by a subsequent evaluation of a blind trial involving 43 blood samples, 11 bloodstains
and 11 semen stains [16]. These promising results eventually lead to the introduction of DNA
profiling to its first criminal case in 1987 [50,51].

This historic case not only identified the individual responsible for two rape/murder cases
but it also conclusively excluded another individual of the same crimes. A young man was charged
with the 1986 sexual assault and murder of a school girl in Leicestershire, England. A similar
unsolved murder had occurred in 1983 and conventional testing of semen stains from both victims
did not rule out the possibility that this youth was also responsible for the earlier murder.
However, the results of these tests showed that the semen could have been deposited by at least
10% of the male population. Hence, DNA genetic typing of the semen stains and blood from the
accused male was performed, initially by Dr Alec Jeffreys and subsequently repeated by Home
Office forensic scientists. These results excluded the accused but did confirm that both crimes had
been committed by one individual with a chance association of the different seminal stain DNA
patterns of only 5.8 X 108 or 1 in 580 billion. The accused male was released and a intensive
blood testing program was undertaken by the Leicestershire Constabulary.

More than 5000 males were analyzed with an initial scree