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ABSTRACT

DEVELOPMENT OF A MICROSATELLITE MARKER PANEL
FOR GENOTYPING MICHIGAN WHITE-TAILED DEER

By

Laurie Ann Molitor

Deoxyribonucleic acid (DNA) microsatellite markers are becoming an increasingly
important tool for uniquely identifying individuals. Forensic scientists face the challenge
of identifying individuals to the exclusion of all others with a high degree of probability.
In forensic wildlife cases, it is necessary to identify the animal involved in the crime by
characterizing genetic variability among the species in order to obtain high exclusion
potential. Wildlife animals are being poached and illegally imported at a rate too difficult
to quantify because the suspect is rarely caught red-handed and there is very little
documented data about the poaching problem. With the advent of polymerase chain
reaction (PCR) and fluorescent detection methods, amplification of DNA microsatellite
markers for identification purposes in forensic science is becoming a widely used method
of genetic typing. The hypervariability of microsatellites with their widespread
distribution and high abundance in the genome allows for genetically typing an
individual. Three highly polymorphic loci were found in this study of Michigan white-
tailed deer and were multiplexed together in one PCR assay and run simultaneously in
one electrophoretic lane of an Applied Biosystems, Inc. (ABI) 377 DNA Sequencer, thus
allowing for increased speed and low cost of analysis. The benefits of this study will
have a positive impact on our ability to enforce wildlife laws, derive estimates of

inbreeding within the population and assist in wildlife management strategies.
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NONTECHNICAL SUMMARY

Poaching, as defined by the Colorado Division of Wildlife, is the illegal taking or
possession of any game, fish or non-game wildlife (Zumbo, 1999). Poaching entails the
illegal hunting of wildlife on other people’s property, taking wildlife out of season or
shooting more than the amount allowed. With any violation of poaching, the cost of
these poaching crimes is well into the billions (Zumbo, 1999). Wildlife animals are being
poached and illegally imported at a high rate and presently there is no economical,
reliable, sensitive or time-efficient method of providing critical evidence linking
evidentiary samples to an individual unless apprehended “red-handed”.

The objective of this study is to develop a practical, economical, time-efficient DNA
typing system for wildlife forensic scientists to utilize for individualizing forensic white-
tailed deer evidence. In forensic wildlife cases it is most usual to “match” evidentiary
material to material in the possession of the suspect (i.e. the gut pile at the crime scene to
the meat in the suspect’s freezer or a drop of blood from the deer in the suspect’s
possession). Forensic scientists face the challenge of identifying individuals to the
exclusion of all others with a high degree of probability or with utmost certainty. To
develop a DNA typing system that can positively place a suspect at the scene of a crime
by matching two separate deer samples provides a powerful law enforcement tool for
wildlife officials.

Three regions of the deer’s DNA were found to be highly variable between
individuals and in combination could distinguish an innocent suspect from a guilty

suspect with an extremely high degree of probability. That is, there is almost 100 percent
1
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certainty that the evidence at the crime scene can be matched to the evidence in the
suspect’s possession. With the commission of any crime there needs to be a definitive
method of placing the suspect at the scene of the crime and the DNA typing system
developed in this project can do just that. This DNA typing system is a powerful tool for
wildlife forensic scientists to utilize to match evidence samples and will assist law
enforcement officers in enforcing wildlife laws and convicting poachers.

The benefits of having this DNA typing system are twofold in that of deterrence
(prevention before the act of the crime) and of enforcement (conviction after the act of the
crime). The enforcement of wildlife laws can immediately benefit by being able to place
a suspect at the scene of the crime. The effect of deterrence is not so obvious because
monitoring the effect of something not happening is hard to do unless a solid database is
established to monitor and evaluate the numbers. According to Jim Zumbo (1999) there
is very little data about poaching and the data is not being collected using universal
criteria amongst organizations or agencies. The data can thus not be evaluated accurately.
Therefore, the goal of this DNA typing system is to assist in the conviction of poachers
after they commit the crimes and to prevent or deter criminal activity from occurring in
the future. A future goal would be to establish a universal database from which an

accurate evaluation of the deterrent effect can be achieved.
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INTRODUCTION

Forensic scientists face the challenge of identifying individuals to the exclusion of all
others with a high degree of probability. Evidence found at a crime scene is not always in
the optimal condition for many traditional scientific assays. Many samples collected for
analysis have been exposed to environmental insults, such as extreme temperatures,
sunlight or moisture, which degrade the biological components. Typically proteins
degrade rapidly while DNA may be more stable for use in several techniques.

Traditional serological techniques utilizing antigens, proteins or enzymes are limited
to non-degraded samples and produce results with limited statistical probability of
inclusion. Techniques using these biochemical markers are easy to perform and results
can be scored unambiguously however, they are limited in their allelic variation which, in
turn, lowers the statistical probabilities associated with matching the evidence to the
suspect or victim.

Traditional restriction fragment length polymorphism (RFLP) technique utilizing
DNA is also limited to non-degraded samples. This technique, while still being used
extensively, is limited to the use of high quality DNA. Evidence samples containing non-
degraded DNA are analyzed by this technique, which result in a unique “individual-
specific” DNA profile. The RFLP technique has one of the highest discriminatory
potentials and probability of inclusion between evidence and suspect amongst all the
molecular biology DNA testing technologies.

PCR technology has superseded RFLP with its’ ability to analyze very small and

even partially degraded DNA isolated from environmentally challenged evidence
3
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samples. This technique is performed utilizing minute quantities of DNA recovered from
evidentiary material, amplified in repetitive cycles of denaturation, hybridization with
specific primer pairs and extension to create an exponential amount of target DNA. PCR
technology amplifying microsatellite markers with fluorescent detection results in a
highly powerful discriminatory tool for identification purposes. Combining several
microsatellite markers in a single analysis has allowed this technology to approach the
discriminatory potential and probability of RFLP technology.

In forensic wildlife cases it is most usual to “match” evidentiary material to material
obtained from the suspect (i.e. the gut pile at the crime scene to the meat in the suspect’s
freezer). Matching evidentiary and suspect derived samples requires characterizing
genetic variability among the species in order to find DNA regions that offer high
discriminatory potential. The use of PCR amplifying microsatellite DNA markers and
fluorescent detection is a strong combination for such a matching process and thus,
assisting law enforcement officials in enforcing wildlife laws. Wildlife animals are being
poached and illegally imported at a high rate and presently there is no economical,
reliable, sensitive or time-efficient method of providing critical evidence linking
evidentiary samples to an individual unless apprehended “red-handed”. The application
of modern molecular biology techniques to DNA testing will help reduce the chance a
criminal will evade conviction.

The objective of this study is to develop a practical, economical, time-efficient DNA
typing system for wildlife forensic scientists to utilize for individualizing forensic white-
tailed deer evidence. This involves the development of a panel of highly polymorphic

microsatellite markers among the Michigan white-tailed deer population. Microsatellite

4
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markers must show genetic diversity within the population in order to uniquely identify
the individual and have high exclusion potential with regards to the evidence. The use of
several highly polymorphic markers is necessary to achieve a high degree of probability
of a match between the individual and the evidence.

To arrive at this DNA typing system, eight microsatellite markers from bovine
(cattle), ovine (sheep) and cervine (deer) origin were used to amplify DNA from a
representative sampling of Michigan white-tailed deer to assess genetic diversity among
the population. The sampling population consisted of five random deer samples from
each of 83 counties and two islands in Michigan. The database thus contains 850 data
points per marker providing a large database for probability estimates. These estimates
require a determination of the frequency with which alleles occur in the population in
order to individualize a sample and match it to evidentiary material with a high degree of
probability. Of the eight markers tested, three were found to be highly polymorphic and
exhibit high heterozygosity (i.e. > 70 %). In combination, these markers were able to be
multiplexed together in one PCR and run simultaneously in one electrophoretic lane of an

ABI 377 DNA Sequencer.
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HISTORY OF “TYPING” TECHNOLOGY AND LITERATURE REVIEW

Serological Typing Techniques

The beginning of human identification was established by using red blood cell
antigen typing systems in order to facilitate disputed paternity cases at the biochemical
level, with the following chronology listed in Melvin et al. (1988). The ABO blood
group system discovered by Karl Landsteiner in 1901 was the start to resolving
questioned paternity cases. Rubin Ottenberg in 1921 performed family studies applying
the ABO typing system to paternity problems with the knowledge of Mendelian
inheritance from von Dungern and Hirschfeld in 1911. Then in 1927, Landsteiner and
Levine discovered another blood group system MN and in 1937 Landsteiner and Wiener
discovered the Rh system. Several other red cell antigen systems were discovered
between 1945 and 1965 given the names Kell, Kidd and Duffy. These systems are
performed by immunological testing of allozymes using standard hemagglutination
reactions of the antigen on the surface of the red blood cell to an antibody to the antigen.
Each of these systems identifies between three and nine different phenotypes.

Electrophoretic separations of red blood cell isoenzymes (e.g. phosphoglucomutase,
acid phosphatase, adenylate kinase and adenosine deaminase) and serum proteins (e.g.
transferrin, haptbglobin and properdin factor B) through a medium (cellulose acetate,
agarose, starch or acrylamide) under a constant applied electric field were developed in
1955 (Melvin et al., 1988). This technology has allowed for the separation of proteins
based on their electrical charge properties, and are detected by an enzymatic reaction to

the protein or by staining of the protein using colored dyes. Isoelectric focusing
6
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electrophoresis using a continual and linear pH gradient was developed in the 1970’s in
order to separate proteins with increased resolution and decreased electrophoretic
problems. Also developed in the 1970’s was the human leukocyte antigen (HLA) system
showing a higher degree of polymorphism compared to previously mentioned systems.
Genes coding for the HLA antigens reside at four loci and thus, exhibit high variability
and show high exclusion potential due to the low frequency of allelic variants in the
population (Melvin et al., 1988).

These biochemical methods of differentiating individuals using antigens, proteins
and enzymes are very powerful tools in identifying differences between individuals and
providing exclusionary information. These techniques are easy to perform and the results
can be scored unambiguously. However, they are systems limited in both their allelic
variation (which limits the statistical probability of inclusion) and their use of protein
products, which invariably degrade over time. Antigen-antibody systems have to be
concerned with the intensity of the reaction due to loss of antigen in the sample or weak
antigenicity. Proteins and enzymes are not stable molecules and thus are denatured easily
therefore null results can be misleading from the testing of samples using these biological
components. Contamination from mixed samples and rare cross reactivity between
different marker systems may also produce erroneous results. Immunologic assays can
not distinguish between all variations in amino acids and are not as sensitive as DNA
testing assays. DNA is highly stable, can be isolated from both living and dead cells and
codes for the synthesis of these secondary by-products using an exact blueprint for all the
biological components necessary for building and maintaining the life of the organism.

In addition, every nucleated cell in the body contains the same genetic “blueprint”.

7
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Traditional serologic testing has been revolutionized by the use of DNA testing. The use
of DNA is by far more preferred because the code itself is being tested and the results
have greater discriminatory power.

A Brief History of DNA Advancements

While advances at the protein level were continuing to expand, so were the advances
gt the DNA (deoxyribonucleic acid) level according to the following chronology listed in
Krawczak and Schmidtke (1994).

e In 1944 Avery and co-workers discovered that DNA is the genetic material, the

“blueprint of life” and is in every nucleated cell of all living organisms.

e In 1953 Watson and Crick proposed a model for the structure of DNA.

e In 1961 Nirenberg and Matthaei deciphered the genetic code.

e In 1970 Arber, Nathans and Smith discovered restriction enzymes which cut DNA at
specific sites.

e In 1972 Berg and co-workers developed molecular cloning of DNA.

e In 1977 Sanger and co-workers developed methods for sequencing DNA.

e In 1979 E.M. Southern developed a method of transferring single-stranded DNA
fragments to a more permanent membrane called Southern blotting.

e In 1985 Kary Mullis and co-workers at Cetus discovered the amplification of DNA
segments by PCR.

This is only a partial list of the contributions to science since the beginning of DNA

discovery in 1944. The applications of these key contributions to the field of molecular

biology will be discussed in this chapter, but for now a discussion of DNA is necessary.
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DNA Structure

DNA is a long polymer comprised of four subunits, adenine (A), guanine (G),
cytosine (C) and thymine (T) found in all nucleated cells. DNA encodes all information
necessary for the primary structure of proteins and thus helps direct the necessary life
processes of an organism. DNA subunits called nucleotides are classified into two
groups, the purines are adenine and guanine and the pyrimidines are cytosine and
thymine, with each nucleotide containing a phosphoric acid group, a deoxyribose sugar
and a nitrogenous base. Both purines and pyrimidines are heterocyclic, flat, planar
molecules with the purines having a double ring structure and the pyrimidines having a
single ring structure which allows the bases to stack one on top of each other. Each
nucleotide is joined together by their sugar and phosphate groups forming a repeating
backbone of sugar-phosphate-sugar-phosphate, etc. along each strand of DNA. Two
strands make up the double stranded DNA molecule which are antiparallel to each other
and are hydrogen bonded together by adjacent nucleotides on opposite strands. The
purine (A) on one strand will always bind to the pyrimidine (T) on the other strand and
this is called a base-pair, as with (C) to (G) according to Chargaff’s rule in order to
maintain a stable DNA molecule. Therefore, each strand is complementary to the other
but oriented in opposite directions along the duplex helical molecule. This specificity of
base pairing allows for the storage and transfer of genetic information based on the order
of nucleotides in each strand of DNA. The DNA sequence specifies the exact genetic

instructions required to create a totally unique organism.
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DNA Classification

DNA can be put into three classes based on the function and characteristics of the
nucleotide sequence. The first and smallest class, comprising only about 3% of the total
genome, contains the unique sequences that are rarely repeated, representing the coding
regions for genes (Frank, 1997). These sequences carry the genetic information
necessary for the synthesis of proteins required for building and maintaining the
metabolic processes in an organism. The next class contains sequences, which are
moderately repeated at least 1,000 times, are located adjacent to unique DNA and are
dispersed throughout the genome. These gene-related sequences for the RNA
components of ribosomes, such as tRNA and rRNA, along with histones are considered
noncoding DNA (Lindquester, 1997). The last class contains highly repetitive sequences,
which are repeated thousands to even millions of times and are found in certain regions of
the genome.

Repetitive DNA

This repetitive or noncoding DNA, often referred to as ‘junk’ DNA because it serves
no function in protein synthesis, can be further classified into groups based on whether
the repeat sequences are situated in tandem or interspersed within the genome.
Interspersed elements are single units dispersed throughout the genome, usually not in
tandem, but occur hundreds to thousands of times within the untranslated intronic regions
of the genome. The most abundant sequence in the human genome associated with GC
rich regions is called an Alu repeat element because the sequence contains the enzyme
Alu I restriction site (AGCT) and is considered a short interspersed nuclear element

(SINE), less than 500 bp long (Kobilinsky, 1993). The L1 or Kpn repeat element is
10



associated with AT rich regions because the sequence contains the enzyme Kpn |
restriction site (GGTACC) and is considered a long interspersed nuclear element (LINE),
greater than 500 bp long (Kobilinsky, 1993).

Tandem Repetitive DNA

Tandemly repeated or clustered sequences contain core sequences repeated numerous
times and arranged side by side thus, in tandem. These core sequences, usually between
two and six bases long (Tautz, 1989), repeated between ten and a hundred times, scattered
throughout the genome millions of times, but localized to the centromeric region of the
heterochromatin of chromosomes are called microsatellites or short tandem repeats
(STR’s). Minisatellites, often associated with the term VNTR, have core sequences
ranging from 10 to 50 bases long, repeated two to several hundred times and are mainly
clustered in the proterminal or telomeric regions of chromosomes, but have also been
found in interstitial regions (Royle ef al., 1988).

Minisatellite Description

Minisatellite sequences can vary in both the sequence of nucleotides in the repeat and
the number of repeat units and thus, with variable numbers of tandem repeats are called
VNTR’s. These hypervariable regions are excellent genetic markers due to their high
polymorphic nature and their discriminating power for characterizing DNA.
Minisatellites are thought to arise from either unequal exchange during mitosis between
sister chromatids or during meiosis between homologous chromosomes (Jeffreys et al.,
1985a). These minisatellite sequences may be responsible for promoting recombination
events similar to the chi sequence (GGGCAGGAXG) in Escherichia coli (Jeffreys et al.,

1985a). The GC rich core sequence of minisatellites are considered to be a recombination

11
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hotspot in human DNA (Jeffreys et al., 1985a). VNTR’s can be located at one locus or at
several loci thus, given the names single-locus VNTR’s and multi-locus VNTR’s,
respectively, and these genetic markers are identified by restriction fragment length
polymorphisms (RFLP).

RFLP Description

RFLP’s are variations in the length of DNA fragments as a result of a restriction
enzyme cleaving the genomic DNA at a certain sequence recognition site, usually four,
six or eight bases long. Variation is either due to a single nucleotide substitution creating
or eliminating a cleavage site for a specific restriction endonuclease or a rearrangement of
a DNA segment accounting for the variable length fragment. RFLP’s are inherited
dominantly in a Mendelian fashion, one allele from each parent, and are only dimorphic,
that is, showing the presence or absence of a restriction site detected by length
polymorphisms.

Single locus VNTR’s were first analyzed by using RFLP’s adjacent to the beta-
globin locus in human DNA associated with sickle cell anemia (Kan and Dozy, 1978).
Single locus VNTR’s create only one or two bands depending on the individual’s
zygosity, which allows for unambiguous interpretation of the results. Single locus VNTR
results, however, are not very informative because each individual will have only one or
two different bands. The first highly polymorphic locus was identified in a nonspecific
gene in human DNA showing high variability with at least eight bands (Wyman and
White, 1980). Using a multi-locus VNTR, present at multiple loci in the genome,
scattered throughout the telomeric ends of chromosomes, creates an individual-specific

DNA ‘fingerprint’ resulting in multiple bands which are unique to an individual (Jeffreys
12
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et al., 1985a). The work done by Alec Jeffreys initiated interest by forensic scientists to
analyze forensic specimens using RFLP DNA typing. The use of several single-locus
VNTR’s (Nakamura et al., 1987) simultaneously will also create a unique DNA
‘fingerprint’ for identification purposes however, interpretation of the resulting pattern
may be problematic due to possible band sharing between loci. Band sharing occurs
when the size of bands from one locus overlap at the same size as bands from another
locus, thus, creating ambiguous interpretation of the results.

RFLP Procedure

The RFLP DNA typing technique is an extensive multi-step procedure which results
in an autoradiograph or fluorograph containing a unique DNA fragment pattern (except in
identical twins) when several DNA probes are used or a multi-locus probe is used. The
beginning of this procedure requires high quality and quantity, at least 5-10 pg of
genomic DNA. The isolation and purification of the DNA can be performed using
standard organic procedures (Sambrook e al., 1989) or by using commercially available
nonhazardous kits resulting in high molecular weight DNA, relatively free of proteins and
not sheared into small pieces. The DNA is then digested with restriction enzyme(s) (RE)
selected based on the frequency with which they cut the DNA and the sequence of their
recognition site, so as to not cut within the probing sequence.

The RE digested DNA is electrophoresed overnight, applying low voltage, through a
low percentage agarose gel in order to separate the fragments based on size. The double-
stranded DNA fragments in the gel are then denatured to become single-stranded by

soaking the gel in an alkaline denaturing solution. It is necessary to transfer single-

13
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stranded fragments to a sturdier membrane, usually nylon or nitrocellulose, so that
hybridization of the single-stranded probe can be achieved. This transfer process is
known as Southern blotting (Southern, 1975) and requires capillary action to perform the
transfer. The membrane is then baked in an oven (nitrocellulose) or exposed to
ultraviolet light (nylon) in order to cross-link or permanently fix the DNA fragments onto
the membrane. Hybridization of the membrane-bound denatured DNA fragments to the
single-stranded complementary sequence of the radioactive or chemiluminescent labeled
probe is performed under optimal conditions for specific binding of the probe to the
complementary sequence. Unbound probe is washed away under varying stringency
conditions.

Lastly, the membrane bound with the labeled probe is exposed to x-ray film to detect
the size of fragments showing complementarity to the probe. The resulting pattern of
bands created by this RFLP DNA typing technique has proved useful for comparison in
determination of paternity (Jeffreys et al., 1985b; Wells et al., 1989), in solving
immigration cases (Jeffreys er al., 1985c), in diagnosing medical diseases such as sickle
cell anemia (Chang and Kan, 1982) and directly assisting in the first criminal case (State
v Andrews, 1987) resulting in a conviction based on VNTR DNA testing evidence.
VNTR was the first DNA evidence technique accepted by most courts, including those in
Michigan.

DNA Fingerprinting in Forensic Casework

Forensic casework has gone through a major transition from traditional serology to
RFLP DNA testing since the work done by Alec Jeffreys and coworkers in 1985

describing ‘DNA fingerprinting’ and its potential use in forensic science. Lifecodes

14
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Company in 1986 and Cellmark Diagnostics in 1987 both took interest in accepting
casework by performing RFLP technology in their laboratories (Weedn, 1993). In 1988
the Federal Bureau of Investigation (FBI) started using RFLP for casework, along with
the first state crime laboratory in Quantico, Virginia in 1989 (Weedn, 1993). This new
technology has sparked interest from crime laboratories in every state in the United
States, along with other private companies investing into this technologically advanced
area.

Guidelines for DNA Testing

With any new technology, the reviews and criticisms are always there to follow from
the scientific community, criminal justice professionals and the average intelligent person
questioning the reliability and accuracy of this technique and any other DNA testing. The
guidelines for the admissibility of scientific evidence were established in 1923 wﬁh the
case United States v. Frye, also called the “Frye” hearings (Baird, 1992). These
guidelines are used in determining whether DNA evidence should be admissible in a
court of law based on the premise that there is general acceptance of the evidence from
the scientific community. In 1990, the Office of Technology Assessment which is part of
the United States Congress concluded that DNA evidence is reliable and can be utilized
for forensic casework only if appropriate technology, quality control and quality
assurance procedures are implemented (Weedn, 1993). The Technical Working Group on
DNA Analysis Methods (TWGDAM) represented by scientists from North American
laboratories developed DNA methodology and quality assurance guidelines for
laboratories to follow for forensic RFLP typing (TWGDAM, 1989). Included within

these guidelines is the application of external proficiency testing by a reputable laboratory
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or accrediting agency (TWGDAM, 1990), such as the College of American Pathologists
and the American Society of Crime Laboratory Directors Laboratory Accreditation Board
in order to assure quality performance of the laboratory (Weedn, 1993). The National
Research Council in 1992 issued a report stressing the guidelines developed by the
TWGDAM regarding standardized laboratory procedures in 1990 (National Research
Council, 1992). The American Society of Crime Laboratory Directors has also been
influential in making recommendations regarding DNA technology in forensic science.
Similar guidelines, quality assurance and accreditation programs for PCR technology
have also been established by the TWGDAM. Revisions to these guidelines for RFLP
and PCR DNA testing will be necessary as the technologies and experience advances.
These methodologies are now widely accepted in the criminal justice community when
appropriate quality control methods are followed however, current controversy focuses on
potential human and technical errors and on the statistical interpretation of results
(National Research Council, 1996; Weir, 1996).

PCR Description

The amplification of specific DNA segments by PCR discovered in 1985 by Kary
Mullis and co-workers at Cetus has revolutionized miolecular biology and is rapidly
replacing RFLP DNA typing for identification of forensic evidence. This in vitro
enzymatic amplification of a DNA segment is performed utilizing minute quantities of
DNA in repetitive cycles of denaturation, hybridization and extension creating an
exponential amount of target DNA. This amplified DNA can then be directly sequenced
to detect single base polymorphisms, electrophoresed to detect sequence length variations

or hybridized to allele-specific probes to detect sequence polymorphisms. Forensic
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scientists have benefited tremendously by this new technology because the quantity and
quality of recoverable DNA found at crime scenes is often less than optimal.

PCR technology does not require high molecular weight DNA or large quantities of
DNA like RFLP technology. PCR can be performed with only a few copies of a target
DNA sequence as long as the target sequence to be amplified is not degraded or exists as
low molecular weight DNA. Degradation of DNA for RFLP analysis limits the
availability of restriction sites for the enzyme being used which in turn affects the
interpretation of the results. PCR can be performed with degraded DNA because 1 pg of
genomic mammalian DNA corresponds to approximately 3 x 10° copies of autosomal
genes (Cha and Thilly, 1993). The chance that each copy shows degradation in the same
region to be amplified is very small. Thus, in any sample, there is likely to be several
sections that are suitable for amplification. Most PCR applications only require
nanogram quantities of DNA per reaction as compared to RFLP requiring several
micrograms. PCR amplification is sensitive to interfering polymerase inhibitors found in
DNA samples extracted from materials containing forensic evidence such as detergents,
heme, melanin pigments, dyestuffs, sodium acetate, metal cations, urea or EDTA
(ethylenedinitrilo tetraacetic acid) (Sensabaugh and Blake, 1993).

The sensitivity of PCR to contamination is of major concern because only minute
amounts of extraneous human DNA may cause erroneous results. Contamination often
comes from mixed samples at the crime scene, which is a reality for forensic scientists to
deal with. Another source is from laboratory personnel or crime scene technicians and

investigators introducing their own DNA into the evidence. This can be a problem if the
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evidence sample contains a very small amount of DNA. The last major source of
contamination arises when other amplified samples are accidentally mixed with evidence
prior to amplification. This can be a serious problem because only an aerosol droplet is
required to cause preferential amplification of the contaminant. Careful laboratory
procedures need to be adopted to minimize these sources of contamination. Many
contamination errors are detectable and can be corrected by reanalyzing the evidence.

PCR Procedure

The PCR procedure, first developed as a technique by Saiki e al. in 1985 to amplify
the specific beta-globin sequence, is a cyclic process that does nothing more than increase
the subanalytical quantities of DNA to a level that can be detected by routine methods.
Other studies quickly followed using enzymatic amplification of DNA in vitro by the
PCR (Mullis et al., 1986; Saiki et al., 1986; Mullis and Faloona, 1987). The
amplification procedure is a relatively simple laboratory technique to perform with a
thermocycler doing most the work. The thermocycler is a programmable machine, which
has the ability to cycle through various temperatures (0-100° C) in a relatively short
amount of time with temperature homogeneity and accuracy. The sample preparation
includes double-stranded DNA to be amplified, two single-stranded oligonucleotide
primers flanking this DNA segment, a DNA polymerase, deoxynucleotide triphosphates
(dNTP’s), a buffer, magnesium chloride (MgCl,), salts and deionized water.

The three step cyclic procedure begins with the denaturation step to separate the
double-stranded DNA molecules into single strands by heating them to 94-95° C for one
to three minutes. This creates two strands of DNA, which are both used as templates for

the synthesis of complementary strands of DNA. The temperature is then lowered to
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allow the oligonucleotide primers (stretches of up to twenty nucleotides in length), to find
and hybridize to their complementary sequences on opposite strands flanking the
sequence to be amplified, called the annealing step. The last step involves the extension
of the primers at the 3’ end by the addition of nucleotides complementary to the target
sequence mediated by a DNA polymerase, thus called the extension step. The
temperature of the annealing step will vary between 45-65° C depending on the melting
temperature 7, (the temperature at which half of the primer is single-stranded and half is
double-stranded) of the oligonucleotide primers, which is directly related to their
nucleotide length and content. The temperature of the extension step is dependent on the
optimal temperature for the activity of the DNA polymerase being used, usually in the
range of 70-75° C.

This three-step amplification process is cycled several times, usually 25 to 30 in
order to generate millions of copies of the target sequence. After the first round of a
cycle, one double-stranded molecule has been doubled to two doublg-stranded molecules
and after the second round of a cycle, the two molecules have been doubled to four
molecules and so on, an exponential (2") fold increase, for each additional cycle (see
Figure 1). The number of target sequence has in effect been doubled after each cycle
because each strand serves as a template for replication in subsequent cycles. However,
the length of the products generated after the first cycle are longer than the desired
product size because the polymerase extends until the denaturation step forces the
polymerase to separate from the DNA template. In subsequent cycles the short or desired
product size increases exponentially because the ends of the product have been defined by

both primers, whereas the original double-stranded molecule only increases linearly.
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Figure 1. Schematic diagram of polymerase chain reaction (PCR) amplification.
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PCR, with its specificity to the desired target sequence and extreme sensitivity to
minute quantities of target DNA, is a technique that requires many components to be
optimized in order to obtain the desired product and only the desired product. The
amplification conditions, containing both the components in the reaction and the
thermocycling temperatures, times and number of cycles, are variables that directly affect
the amplification process. These variables need to be optimized for almost
every locus studied, unless similarity exists between marker type, primer 7,, and amount
of MgCl, required for each reaction. Therefore, much time is spent optimizing the
amplification conditions prior to validating a marker system for use in population studies,
individual identification or other PCR applications.

PCR Thermocycler Programming

The temperature and amount of time selected for the thermocycling conditions, along
with the number of cycles are dependent on the following criteria. The denaturation
temperature should be close to boiling in order to completely separate the strands with an
initial time of a few minutes. The annealing temperature depends on the length and GC
content of the primers and, in general, should be around five degrees below the T, of the
primer pair. The extension temperature should be selected based on the polymerase being
used, for Thermus aquaticus (Taq) the optimal temperature would be 72° C. The amount
of time for this step is based on the length of the target DNA being amplified. That is,
amplifying a fragment greater than 1Kb (kilobase) in length would require more
extension time for the polymerase to complete the full sequence, otherwise a standard

time for smaller fragments would be 30 seconds to 1 minute for each step. The number
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of cycles depends on the amount of product generated based on the amount of starting
template, which can vary from as little as 20 cycles to as many as 35 or even 40 cycles.

PCR Components

The components of a standard PCR are contained in a reaction volume of 25, 50 or
100 pl with 50 to 100 ng of genomic DNA mixed with 50 mM KCl, 10 mM Tris HC]l pH
8.4, 0.25 uM of each primer, 200 uM of each dNTP (deoxynucleoside triphosphate), 1.5
mM MgCl,, 2.5 units of 7aq polymerase, deionized water and overlayed with a few drops
of mineral oil (Saiki, 1989). The mineral oil is added to reactions when the thermocycler
being used does not have the heated lid feature to prevent evaporation of the reaction
mixture and to increase the rate of thermal equilibration. These are standard conditions
that may not provide adequate results in all situations. Modifications may be necessary to
obtain the desired specificity and yield of PCR product.

The component with the most dramatic effect on specificity and yield is the amount
of MgCl, in the reaction, that is, the amount of free Mg++ available f_'or Taq polymerase.
The effect of NTP’s chelating magnesium will lower the optimal concentration of
magnesium. If all the Mg++ is bound by the dNTP’s, then none will be present to
facilitate Taq in amplifying the target DNA. The absence of a PCR product can often be
corrected by adding a higher concentration of MgCl, to the reaction, while the presence
of too many products is the result of too high of MgCl,. Optimal levels of free Mg++
should be around 1.0 mM for most PCR’s. Concentrations of Mg++ approaching 10 mM

MgCl, inhibit the activity of Taq (Gelfand, 1989).
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Because they act as building blocks for the amplification product, the amount of
dNTP’s should always be in excess, 200 uM, of DNA target sequences for efficient
amplification but, it is not recommended to increase this amount because it will chelate
Mg++ as mentioned above. However, if amplifying a large target sequence, greater than
1 Kb, a higher concentration of dNTP’s is necessary. Taq polymerase is actually
inhibited in the presence of millimolar conc;antrations of ANTP’s (Gelfand, 1989) and
these high dNTP concentrations may actually promote misincorporations.

The selection of oligonucleotide primers is of paramount importance to the success
of an amplification reaction. The criteria for primer design entails creating both primers
which are between 20 and 30 bases in length with a GC content between 40 and 50
percent and with a random base distribution not containing stretches of similar bases. A
20mer has a specificity of 1/4% in locating the exact complementary sequence in the
template DNA and with a 50 percent GC content has a 7, range of 56-62° C (Cha and
Thilly, 1993). Each additional nucleotide will increase the specificity of the primer by a
factor of four and increase the T, by two or four degrees depending on which base is
added. Primers should not be able to form secondary structures within themselves
because then they will not be able to hybridize to the template DNA. They also should
not have complementarity to each other in order to avoid the formation of primer dimers.
This is of major concern when using multiple primer pairs in one reaction (multiplex).
Perfect complementarity should exist at the 3 end of the primer, usually the presence of a
G or C at the very end will assure primer extension by the polymerase because these

bases form stronger bonds and will anchor the primer to the template. Lastly, each
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primer should be in a ten-fold excess of the target sequence during PCR (Cha and Thilly,
1993).

The specificity, sensitivity, yield and length of PCR products being amplified has
been substantially improved with the replacement of the Klenow fragment of E. coli
DNA polymerase I with an enzyme isolated from the thermophilic bacterium Thermus
aquaticus (Taq) (Saiki et al., 1988). Prior to this discovery, fresh Klenow enzyme was
added to the reaction mixture after each cycle of denaturation because this enzyme is
heat-sensitive and would have no activity after one round of amplification. This
sequential addition of polymerase to the reaction mixture has been eliminated with the
discovery of Tag, which is very thermostable with repeated exposure to temperatures of
95° C. This allows the PCR cycling to be fully automated using thermal cycling
machines and increases the yield of product because the enzyme still maintains activity
after numerous cycles. The processivity of Taq polymerase during DNA synthesis allows
for the amplification of longer DNA segments, up to 10 Kb (Jeffreys er al., 1988), which
adds to the list of PCR applications. The specificity and sensitivity has been greatly
enhanced by the use of Taq polymerase because at higher temperatures, the annealing of
complementary primers to the template DNA will result in only amplification of the
desired target sequence with an increase in the yield of that product, eliminating
nonspecific amplification.

The fidelity of Taq polymerase in PCR amplification is not a strong feature with a
relatively high error rate of 10 nucleotides/cycle (Gelfand and White, 1990) compared to
other polymerases. This misincorporation of nucleotides is due to the lack of the

‘proofreading’ 3' to 5 exonuclease activity of Taq polymerase. Misincorporation of a
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nucleotide would have to be during the early stages of PCR, with very limited amount of
template, affecting many copies, in order to have a significant effect on the amount of
PCR products detectable by electrophoretically visible bands (Saiki et al., 1988). The
errors made by 7aq polymerase should not be a problem for many PCR applications
because the analysis of several samples to establish a consensus sequence is performed to
detect any misincorporated nucleotides. Using more initial template DNA molecules,
fewer cycles of amplification and modifying the reaction conditions can reduce this
problem exhibited by 7aq polymerase. Other applications, such as cloning or point
mutation analysis where fidelity is of concern, may require the use of the Pfu DNA
polymerase isolated from Pyrococcus furiosus with an error rate of 6.5 x 107
nucleotide/cycle (Andre et al., 1997). However, the thermostability, processivity and
specificity of Taq polymerase has made it the most utilized polymerase in PCR to
generate large quantities of a specific target sequence.

Sources of Error During Amplification of Microsatellites

PCR amplification of dinucleotide microsatellite markers using 7aq polymerase
presents two sources or error in genotyping studies. The catalysis of a nontemplated
addition of a nucleotide, predominantly adenosine, to the 3’ end of the amplified PCR
product (Clark, 1988) and the appearance of shadow bands with the PCR products
separated by intervals of two nucleotides (Hauge and Litt, 1993; Murray et al., 1993).
Both of these can cause problems when genotyping the sizes of dinucleotide
microsatellite fragments generated by PCR. However, strategies have been proposed to

deal with these biological occurrences.
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The addition of the nontemplated nucleotide to the PCR product creates bands which
differ in size by a single base and is primer specific (Smith et al., 1995). The degree of
addition varies from marker to marker with some markers not affected at all and some
only partially affected with both product sizes being present in similar quantities. The
known fact that this situation occurs with some markers, PCR based strategies (Smith es
al., 1995) and primer modifications (Brownstein et al., 1996) strategies to minimize this
source of error have been addressed. Changing the PCR thermal cycling conditions can
significantly reduce the error rate of inconsistent allele calling. To minimize the
production of allele + A (adenine) products, a two step cycling protocol can be used
which eliminates the extension step that causes the polymerase to add the extra A. To
favor production of the allele + A product, a three step cycling protocol can be used with
an additional final extension step facilitating the nontemplated nucleotide addition.
Modifying the reverse primer on the 5’ end by adding the sequence GTTTCTT can
facilitate adenylation of the 3’ end of the forward primer, thus generating products which
are all allele + A (Brownstein ef al., 1996). Other methods employing an additional
enzymatic step after amplification by adding T4 DNA polymerase with a 3'to 5/
exonuclease activity to remove the unpaired base have been proposed (Kimpton et al.,
1993).

The characteristic feature of 7ag polymerase is to frequently skip or occasionally add
repeat units during the extension step of PCR amplification céusing great difficulty in
analyzing dinucleotide microsatellite markers. Other short tandem repeats (tri-, tetra- or
pentanucleotides) exhibit this skipping by Taq polymerase very infrequently. This

slipped strand mispairing by Tagq is the major mechanism for the generation of shadow
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bands, which are less intense and intervals of two nucleotides short of the correct allele
(Hauge and Litt, 1993). This slippage by Taq results from the temporary dissociation of
itself from the template strand allowing repeats in the template to form a loop, which
shortens the PCR product by the number of repeat units in the loop. The study by Murray
et al. in 1993 also supports this mechanism because they sequenced the actual shadow
band and found it to contain the flanking sequences on both sides of the repeat, but that
the actual repeat sequence was ambiguous. This suggests that the shadow band is the
amplified product with the repeat sequence being scrambled, but still short by one repeat
unit. Presently, the only correction to the occurrence of these shadow bands is to use a
thermostable DNA polymerase with a higher processivity than Tagq.

Multiplex PCR

The ability of PCR to be extended even further to the simultaneous amplification of
multiple loci using the same DNA template in a single PCR reaction, called multiplex
PCR, has greatly increased the throughput of data in considerably less time (Chamberlain
et al., 1988). However, more effort is required to develop optimal conditions for the
combination of primer pairs being amplified simultaneously. Multiplexing two or more
loci often can be performed under the same reaction conditions used to amplify the
sequences separately. The main consideration is that the components of the amplification
reactions and the temperature cycling conditions are the same for all the loci involved.
The primers must not show homology to each other and the product sizes should not
overlap each other. All the factors discussed previously for a single amplification of one

locus must also be considered when optimizing a multiplex PCR. The adjustment of
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these variables is specific to the unique loci being amplified and general guidelines are
available to assist the scientist in optimizing the multiplex PCR (Henegariu et al., 1997).

Multiplex PCR and Fluorescent Detection

The combination of multiplex PCR and semi-automated fluorescent detection
systems has become a rapid and powerful technique for individual identification
(Kimpton et al., 1993). The amplification of loci consisting of two alleles (Skolnick and
Wallace, 1988) has been extended to the amplification of highly polymorphic
microsatellite loci and genotyping these loci using automated DNA sizing technology
with multi-color fluorescent detection (Ziegle et al., 1992). This ability to coamplify
many loci in one PCR has been facilitated by the use of fluorescently labeled primers and
semi-automated fluorescent DNA sequencers.

Oligonucleotide primers are labeled at their 5’ end with one of three possible
fluorochrome dye molecules: Fam, Hex or Tet, fluorescing blue, yellow and green,
respectively. The labeling of the primers at the 5’ end does not effect the PCR
amplification, but it does allow for the simultaneous analysis of multiple loci in one lane
of a DNA sequencing gel. The fluorescent dye is only on one primer of each locus-
specific primer pair, since both primers are amplifying the same target sequence the
length will be the same.

The use of an internal size standard, labeled with the red fluorescent dye TAMRA, in
every gel lane is referenced when calling the fragment sizes. The benefit of this is to
eliminate interpretation errors due to electrophoretic mobility differences between lanes
across the gel and thus, increasing the size calling accuracy of the alleles. Fragments

present in each lane are automatically sized against the internal size standard comigrating
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in each lane, which compensates for any gel distortions in that lane. Size standard
TAMRA 350 from ABI, for example, contains known fragments with sizes: 50, 75, 100,
139, 150, 160, 200, 250, 300, 340 and 350, representing fragment lengths in nucleotide
base pairs.

Fluorescence-based detection of microsatellite PCR products compared with
conventional autoradiographic methods (Schwengel et al., 1994) and silver staining (Lins
et al., 1996; Budowle et al., 1997) for identification of individuals has resulted in many
advantages. Fluorescent compounds are safer to use, easier and cheaper to dispose of and
have a longer shelf life than radioisotopes. They are extremely more sensitive with the
ability to detect picomole quantities of fluorescently labeled primers and picogram
quantities of initial template DNA. Fluorescent signals are linear over a wider range of
intensities, where signal strengths of multiple loci greatly vary in magnitude (Schwengel
et al., 1994). Multiple loci can be simultaneously analyzed in a single electrophoretic
lane, whereas with radioisotopes and silver staining this variation in signal intensity
cannot be tolerated. The signal intensity of the peaks can be used to estimate the amount
of PCR product present. Scoring alleles of a heterozygous individual being genotyped
for a dinucleotide microsatellite marker with alleles differing by one repeat unit is much
easier with fluorescence. The intensity of the smaller allele overlapping the stutter band

of the larger allele will be greater than the intensity of the larger allele (see Figure 2).

29



5

tt

s]

ut
al
by
di;

fly



Allele Size

true allele _ 220 bp - true allele

stutter band
and true allele - 218bp SR stutter band

stutter band S 216 bp
Heterozygote Homozygote

Figure 2. Schematic diagram representing the fluorescent intensity of alleles
differing by one repeat unit of a dinucleotide microsatellite marker.

The time required to score alleles and the number of genotyping errors drop
considerably due to the combination of automated fluorescence-based electrophoretic
systems and genotyping analysis software. Genotyping analysis is being facilitated by
the use of internal size standards and analysis software for the accurate assignment of
fragment sizes and the unambiguous scoring of alleles. Ghosh et al. in 1997 describe
methods for accurate sizing of alleles in order to reduce genotyping error rates. Manual
methods of scoring autoradiographs or gels stained with silver lead to more typing and
sizing errors because both DNA strands are being detected. These methods are extremely
time-consuming and are not compatible with high throughput genotyping.

Several validation studies, for use in forensic applications, have been performed
utilizing multiplex PCR of short tandem repeats with fluorescent detection (Fregeau et
al., 1999; Budowle et al., 1997). These studies support the use and benefit of this genetic
typing system for forensic identification and according to Fregeau et al., could provide
discriminatory power of approximately 0.9999. This discriminatory potential of
fluorescent multiplex STR marker systems in human identification is the basis for

applying this technology to individualize evidence samples in forensic wildlife cases.
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Multiplex PCR using microsatellite markers for characterizing genetic variability
among Michigan white-tailed deer, for the purpose of individualizing evidence samples,
should be both cost-effective and beneficial. The homology between microsatellite loci is
often conserved among related species (Moore et al., 1991), saving time and effort in
primer development. Bovine microsatellites are highly conserved among Red deer (Kuhn
et al., 1996) and Sika deer (Slate e al., 1998) of the cervine family. White-tailed deer
microsatellites are conserved in bovids (DeWoody et al., 1995), microsatellites are
conserved in bovine, ovine and caprine (Kemp et al., 1995) and also conserved between
other species of artiodactyls (Engel et al., 1996). The selection of primer pairs for this
study then focused on known primers that amplify bovine, ovine and cervine DNA.

Dot Blot Procedure

The first PCR based genetic typing kit of the HLA-DQ alpha locus using dot blot
methodology for detection of sequence polymorphisms was in 1986 (Saiki et al., 1986),
with the first use in a criminal case in Pennsylvania in 1986, Pennsylvania v Pestinikis
(Blake et al., 1992). PCR amplification of the HLA-DQ alpha locus and detection of
point mutations in the different allelic forms using dot blot procedures and allele-specific
oligonucleotide (ASO) probes (Saiki et al., 1986; Erlich et al., 1986) has made the
transition from RFLP to PCR a simpler technology for detecting polymorphisms.
Hybridization, under highly stringent conditions, of a complementary DNA probe to the
amplified sequence bound to the membrane is indicated by a color reaction as a spot on
the membrane for that particular allele. The presence of a spot is indicative of perfect
complementarity in DNA sequence between probe and target DNA thus, identifying the

allele present. Reverse dot blot procedure was developed to simultaneously hybridize the
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DNA to the immobilized ASO probes on the nylon membranes (Saiki ef al., 1989). This
procedure identifies six different alleles and twenty-one possible genotypes (Helmuth et

al., 1990). This method is simple and very time efficient because it will detect the allele
present in a single hybridization step by a simple colorimetric reaction.

RAPD Technique

Another segregating dominant genetic marker amplified by PCR is called random
amplified polymorphic DNA (RAPD) and was developed by Williams et al. in 1990.
This technique involves the amplification of genomic DNA using an arbitrary
oligonucleotide primer, usually nine or ten bases long with a GC content between 50 and
70 percent. This primer binds to homologous sites in genomic DNA and when they bind
to opposite DNA strands, which are relatively close to each other, amplification of the
region between them will occur. Several sites, randomly distributed in the genome, will
be amplified by the oligonucleotide primers thus, creating discrete DNA products which
are unable to distinguish a heterozygote from a homozygote. PCR fragments are
separated by gel electrophoresis and detected by one of several methods to identify
polymorphisms between individuals and generate a genomic profile of PCR products
(Welsh and McClelland, 1990). RAPD’s were used to detect genetic diversity in cattle
and sheep (Kantanen ef al., 1995) and these species show homology with cervids. DNA
sequences of RAPD fragments showed high sequence similarity in artiodactyls (Kostia et
al., 1996). This allows for characterization of the fragments from one species to another
for use in genome mapping of these markers in closely related species, similar to

dinucleotide microsatellite homology among closely related species (Moore et al., 1991).
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SSCP Technique

Single-stranded conformational polymorphisms (SSCP) are also amplified by PCR
and are variations in the mobility of single-stranded DNA fragments under non-
denaturing conditions. This method of detecting sequence changes, including single base
substitutions, is based on the fact that DNA fragments with different sequences but the
same length will migrate differently during non-denaturing polyacrylamide gel
electrophoresis (Orita ez al., 1989a). DNA, in an area of interest, is amplified under
standard PCR conditions using 5’ end labeled oligonucleotide primers synthesizing
products in the range of 150-250 base pairs (Tuggle, 1994). Fragments generated are
electrophoresed and polymorphisms are detected between individuals based on
differences in band migration. Single-stranded DNA fragments form folded
conformations that are sequence specific and are stabilized by intrastrand interactions
(Orita et al., 1989b).

Microsatellite Description

Microsatellites are excellent codominant genetic markers, amenable to amplification
by PCR, due to their high variability, high abundance and widespread distribution in the
genome (Weber and May, 1989). Microsatellites are regions of DNA consisting of
simple sequence motifs repeated in tandem and abundantly scattered throughout the
genome. They are found in many eukaryotic genomes (Tautz and Renz, 1984) and all
mammalian genomes so far examined (Stallings et al., 1991). These motifs can be
tandem arrays of di-, tri-, tetra-, or pentanucleotides, with dinucleotide motifs such as the
(CA), repeat being the most abundant in humans (Hamada et al., 1982; Beckmann and

Weber, 1992) and are also found to be in high abundance in most mammals such as
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white-tailed deer (DeWoody et al., 1995). The first locus to be tested for microsatellite
polymorphisms using PCR was in an intron in the human cardiac muscle actin gene
containing variable numbers of the tandem dinucleotide (TG), repeats, resulting in twelve
different allelic fragments (Litt and Luty, 1989).

Microsatellite markers exhibit variability based on the number of repeats that are in
tandem at a locus and in the repeat sequence type (Tautz, 1989). Microsatellites can be
classified into one of three categories: perfect repeat sequences, imperfect repeat
sequences or compound repeat sequences (Weber, 1990). Perfect repeat sequences have
no interruptions in the repeat sequence, imperfect repeat sequences have a few scattered
single repeat interruptions of a different sequence in the repeat sequence and compound
repeat sequences have a tandemly repeated sequence of a different sequence within the
repeat sequence. Microsatellite length variations are thought to arise from either unequal
exchange during mitosis between sister chromatids or during meiosis between
homologous chromosomes or by DNA slippage during replication of the lagging strand
(Schlotterer and Tautz, 1992).

Microsatellites are presently considered functionless because many of them lie
outside genes in 3’ or 5’ untranslated regions and roughly ten percent are located in
introns between genes. Research suggests that they may facilitate the production rate of
proteins according to David G. King of Southern Illinois University, may play a role in
forming left-handed conformation (Z-DNA) (Hamada et al., 1982), may regulate
transcription (Hamada et al., 1984), may play a role in recombination (Pardue e? al.,
1987) or may facilitate the pairing of chromatids during mitosis. The positioning of

microsatellites in noncoding regions of heterochromatin is forgiving of a high mutation
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rate, estimated to be approximately between 10 and 107, leading to extensive allelic
variation (Saiki et al., 1988). “...itis 10,000 times more likely to gain or lose a repeat
from one generation to the next than a gene such as the one responsible for sickle cell
anemia is to undergo the single-base mutation leading to that disease” (Moxon and Wills,
1999). This variability of microsatellites, along with their existence as codominant
markers following Mendelian inheritance of alleles gives an excellent reason to use these
genetic markers for individual identification.

Marker Requirements

A marker is a genetic unit (gene, microsatellite, minisatellite, restriction site,
allozyme, etc.) within the genome that can be followed from generation to generation,
that is, from both parents to their offspring. If a region of interest within the genome does
not pass from each parent to their offspring, then Mendelian inheritance of that region is
not observed and can not be used as a marker to identify individuals. All DNA, whether
protein coding or having no sequence dependent function, follows the same rules of
inheritance. Mendelian inheritance allows scientists to perform numerous applications:
genetic mapping and linkage studies, mapping disease loci, paternity testing, medical
diagnostics, pedigree analysis, individual identification, anthropological, evolutionary
and population studies and the list goes on. In order for a genetic marker to be useful for
these purposes it must follow Mendel’s laws of inheritance. The principle of segregation
states that each of the two alleles, one from each homologous chromosome segregate so
that the offspring has an equal chance of obtaining either allele from both parents. The
principle of independent assortment states that these alleles segregate independently of

other alleles at different loci. Individual identification requires population allele
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frequencies of unlinked polymorphic genetic markers following Mendelian inheritance so
that the power of discrimination can be achieved and utilized in forensic applications.

The use of-genetic markers for characterizing genetic variability between individuals
for identification purposes relies on several factors. The nature of the marker must be
informative by showing measurable polymorphisms either in DNA sequence or DNA
length between individuals. The polymorphism information content (PIC) of a marker is
calculated from allele frequencies in the population. Markers must exhibit genetic
diversity among the population, that is, high allelic variation in order to distinguish
individuals from each other. The marker must show Mendelian inheritance of the alleles,
that is, one allele from each parent must be present in the offspring and should be
inherited independently of any other markers being analyzed simultaneously. Lastly,
markers that can be easily genotyped will be the marker of choice for individual
identification.

Selection of Marker, Technique and Method of Detection

The selection of the most gppropriate molecular marker, molecular technique and
detection system for answering a particular question, for example in this study individual
identification, is based on several important considerations. The informativeness of the
marker, the speed, ease and reliability of the method, costs of the materials, the quality
and quantity of DNA, the amount of sequence information required to perform the
technique, the dominance of the marker, the detection system and the ease of analysis and
interpretation of results, will all be compared between various markers and
methodologies. They all have their strong points and weaknesses depending on the

results desired and the informativeness needed to answer the desired question.
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The first consideration that might limit the choice of method is how much and what
quality of DNA can be obtained from the type of samples at hand. Forensic samples tend
to result in a limited quantity of DNA due to the often minimal amount of evidence left at
the crime scene. The quality of DNA is usually poor, as samples are partially degraded
due to environmental insults. Based on these initial limitations, one may rule out a
marker system based on RFLP and Southern hybridization because this technique
requires microgram quantities of DNA of very high quality. Using RFLP on low quantity
degraded DNA will lead to ambiguous results which will be very difficult to interpret due
to the presence of extra fragments in the already complex band pattern. In paternity cases
where non-degraded samples are readily available, RFLP is an excellent choice using
single or multi-locus minisatellite probes where Mendelian inheritance is maintained
(Pena and Chakraborty, 1994). PCR amplification of small fragments using any of the
suitable systems (RAPD, SSCP, STR) would be the favored choice to resolve questions
using minute quantities (nanogram amounts) of degraded DNA (Lorente et al., 1997).

The ease and amount of time required to perform a technique and the length of time
before obtaining the results are major concerns in this fast-paced society where results are
wanted yesterday and for a competitive price. Traditional serologic methods and dot blot
assays are the easiest to perform in a short amount of time, usually a few hours, with
relatively low cost considering identification kits are manufactured by companies, such
as, Perkin-Elmer and Cetus Corporation which do not require expensive detection
apparatus. RFLP using Southern hybridization, on the other hand, is very labor intensive
requiring restriction digests, gel electrophoresis, Southern transfer, probe hybridization,

several washes and film exposure, with results generated in about a week or more. The
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cost of the materials is high for enzymes, membranes, x-ray film and the radioactive or
chemiluminescent detection of polymorphisms, to say nothing of the highly skilled labor
required to perform the technique. PCR based methods are easy to perform with no
hybridizations and results are obtained in a few hours utilizing minimal technologist time.
The major cost is in the initial purchase of a PCR machine and a detection system, which
can be quite high. The continual purchase of PCR reagents and oligonucleotide primers,
if radioactively or fluorescently labeled, is expensive but spreading the cost over several
hundred assays reduces the per assay cost.

Detection systems can range from simple and inexpensive ethidium bromide, silver
staining or colorimetric to the more expensive chemiluminescent, radioactive or
fluorescent detection of polymorphisms. The advantages of using ethidium bromide,
silver staining or colorimetric are the cost of materials and the ease of use. The
disadvantage of using radioactivity is the isotopic component, while the benefit of using
chemiluminescence or fluorescence is that they are non-isotopic, safer to use and have a
longer shelf life than radioisotopes. Fluorescent detection allows for simultaneous
amplification and detection of three or more loci, which greatly increases the speed and
throughput of samples with an increase in sensitivity compared to other systems (Lins et
al., 1996).

The informativeness of the marker along with the dominance or codominance
characteristic are very important considerations when choosing the most appropriate
marker for the job. Allozyme markers are not very informative because they represent
too few loci and exhibit too little variation. RFLP’s probed with minisatellites are at the

other end of the marker spectrum, with hypervariability across many loci. Multi-locus
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minisatellite RFLP’s are extremely informative because they result in numerous bands
representing a unique individual-specific DNA profile, except in identical twins. The
disadvantage of multi-locus markers is that they are dominant markers only, with some
genetic information possibly being lost or hidden due to the absence of a restriction site.
Single-locus minisatellite or cDNA probe is not very informative because a single locus
will only result in one or two alleles depending on the individual’s zygosity. They are
codominant markers with both alleles being represented, one band for homozygous
individuals and two bands for heterozygous individuals. The use of several unlinked
single-locus probes will increase the informativeness of the technique. In fact this was
the first accepted use of DNA testing in forensics. RAPD’s are dominant markers with
polymorphic bands scored as present or absent. The informativeness of this marker is
limited because a heterozygous individual cannot be distinguished from a homozygous
individual. SSCP is considered a codominant marker, with the ability to detect
heterozygotes and with limited informativeness because only a single base pair mutation
is being detected and only if the substitution changes the mobility of the DNA fragment.
Microsatellites are also codominant markers and are extremely informative based on the
high degree of polymorphism present among individuals.

The amount of sequence information required prior to performing the technique is a
matter of concern if money and time are an issue when choosing the method of analysis.
RFLP using Southern hybridization does not require actual sequence information, but it
does require known gene (cDNA) probe information, though this information may not
have to be regenerated for each species tested. The use of a previously identified gene as

a probe eliminates the time and money required to obtain species-specific sequence
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information. Multi-locus probes for DNA typing are VNTR’s which are not necessarily
species-specific, but require sequence information, with no effort and cost to attain. PCR
derived systems require exact sequence information for the development of
oligonucleotide primers with high cost and effort to obtain. However, comparative
mapping utilizing primer pairs from closely related species can be both economical and
time efficient when there is conservation of heterologous primer pairs between species
(Moore et al., 1991). RAPD’s, on the other hand, do not require any sequence
information due to the arbitrary generation of oligonucleotide primer pairs used in the
technique.

Interpretation and analysis of results can be ambiguous or straightforward depending
on which marker and detection method are used. Traditional serologic procedures using
agglutination of antigens and staining of allozymes with colored dyes, along with the
colorimetric detection in dot blot assays are very straightforward analyses. The presence
of a reaction taking place, detected by agglutination, staining or color development, is
very unambiguous, that is, present or absent. Analysis of RFLP’s when a single-locus
probe is used is straightforward, depending only on the presence of one or two bands of a
specific size. Use of a multi-locus probe can lead to a very problematic analysis. The
banding pattern can be complex due to the number of fragments present, the possibility of
extra fragments from slightly degraded samples or the sharing of bands between loci can
make interpretation of the data challenging. The use of size standards in adjacent lanes of
an RFLP gel can result in estimates of allele sizes, usually with errors of 2-5 bp. RAPD’s

can also be difficult to interpret because of the presence of many bands, some of which

could be similarly sized alleles from different loci and some of which are artifactual
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based on the sensitivity of the assay to the PCR conditions. SSCP analysis can be
difficult if the running conditions are not optimized because slight changes can effect the
mobilities of single-stranded DNA molecules leading to unpredictable results. Lastly,
microsatellites can be easy to score if the tandem repeat is not a dinucleotide motif
because these alleles show a characteristic stutter band due to the slippage of the
polymerase during extension of the PCR product (Hauge and Litt, 1993; Murray et al.,
1993). The stutter usually creates a band two and four base pairs smaller in size than the
original fragment size, creating ambiguities in calling a true heterozygote with alleles
differing by a single repeat unit from a homozygote with a strong stutter band. However,
the presence of these characteristic stutter bands is beneficial in separating true alleles
from background noise. Fluorescent detection of microsatellite alleles makes calling the
sizes of fragments more accurate because of the use of an internal size standard in each
lane of the gel, thus, correcting for lane to lane and gel to gel variability.

The information presented here, summarized below in Table 1, and in this literature
review is the basis for the selection of using ubiquitous, microsatellite markers,
fluorescent detection and PCR technology to achieve the goal of this research project.
The objective of this study is to develop a practical, economical, time-efficient DNA
typing system for wildlife forensic scientists to utilize for individualizing forensic

evidence related to Michigan white-tailed deer.
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Table 1. Comparison of markers, techniques and methods of detection.

Marker/Technique

Characteristic serologic/dot blot/ RAPD,SSCP, RFLP/Southern
dot blot-PCR STR/PCR hybridization
quality of relatively fresh samples low molecular high molecular
sample dot blot-PCR: low weight DNA weight DNA
molecular weight DNA
quantity of minimal nanogram microgram
sample amounts amounts amounts
turn around time few hours one or two several days to
for results days a week or more
technologist time minimal time minimal time labor intensive
required to easiest to perform easy to perform requires a skilled
perform technique technologist
commercial kits initial cost:
cost of can be expensive expensive cost:
materials overall: continual cost: very high
very cheap inexpensive
least informative most informative most informative
Informativeness dot blot-PCR: when using STR’s, when using multi-
of marker very informative otherwise very locus probes
limited
marker RAPD’s: dominant single-locus:
characteristic dominant SSCP: codominant codominant
STR’s: codominant | multi-locus: dominant
sequence none RAPD’s: none single-locus: none
information dot blot-PCR: SSCP: complete multi-locus: complete
requirement complete STR’s: complete
RAPD’s and SSCP: single-locus:
interpretation straightforward ambiguous straightforward
of results STR’s : multi-locus:
unambiguous ambiguous
Detection System
silver staining chemiluminescent
ethidium bromide radioisotope fluorescent
colorimetric
high sensitivity safer to use
advantage of simple to use clear interpretation | easier to dispose of
detection system inexpensive of results longer shelf-life
high sensitivity
disadvantage of limited sensitivity use of
detection system | ethidium bromide is a radioactivity expensive

carcinogen
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METHODOLOGY

This study involved using random samples of the population of Michigan white-
tailed deer to establish a database. Tissue samples were collected from deer in all 83
counties in Michigan by Tim Tesmer, Jessie Marcus, Ron Southwick and Dr. Paul
Coussens. The Department of Natural Resources (DNR) and the U.S. Fish and Wildlife
Service jointly funded the project in 1994. Hunters were asked at DNR checkpoints to
voluntarily allow these samples to be collected. The deer’s age, sex, county and deer
management unit (DMU) were documented on the collection tube for each sample
collected. Muscle tissue was collected and samples were placed in polypropylene tubes
with caps and kept in a -20° C freezer until needed for DNA extraction. To date
approximately 1200 deer tissue samples have been collected with only a few counties not
totally represented. Bay, Clinton, Macomb and Sanilac counties have only one collected
sample, while Lapeer has four and Keweenaw has none. These counties will not be fully
represented in the database on the basis of five random deer samples per county unless
additional sampleé are collected prior to the completion of this study.

Tissues for many of the counties had DNA already extracted by Ms. Jean Robertson
using a standard protein digestion, phenol/chloroform extraction and ethanol precipitation
procedure (Sambrook et al., 1989). The quality and quantity of these DNA samples when
initially measured seemed to be good on paper however, many of these DNA samples
have since degraded. The quality of these DNA’s was tested on a 0.8% agarose gel

(SeaKem LE Agarose from FMC) (see Appendix A for gel preparation). Good quality
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used for database acquisition, while the remainder of the samples, about 185, Wwere re-
extracted using a slightly modified procedure (see Appendix B for extraction procedure).
The reason for this modification was to obtain the highest quality and quantity DNA
possible from these tissues.

DNA samples used for the initial screening of the eight fluorescently labeled
microsatellite markers (see Table 2 for details) along with the 425 samples necessary for
the database were selected at random. DNA samples with low quantitation (less than 15
ng/ul) and/or low absorbance ratio, 260/280, (less than 1.5) were ultimately excluded for
failure to provide acceptable data. Twenty samples were randomly selected from the
approximate 1200 deer samples collected in 1994, measured on a Milton Roy Spectronic
Genesys 5 spectrophotometer for an estimate of DNA quality and on a Hoefer TKO 100
fluorometer for DNA concentration and adjusted to be approximately 30 ng/ul. The 425
samples for the database, five from each county and two islands, were processed in the
same manner. All samples were thus quantitatively standardized prior to performing

polymerase chain reactions.
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PCR conditions were optimized for amount of MgCl, (Perkin-Elmer, 25mM),
dNTP’s (GeneAmp dNTP’s from Perkin-Elmer, 10 mM), oligonucleotide primers
(Integrated DNA Technologies, Inc., Operon Technologies, Inc., Gibco BRL and MSU, 2
mM each), Ampli-Taq DNA polymerase (Perkin-Elmer, 5 U/ul), GeneAmp 10X PCR
buffer containing no MgCl, (Perkin-Elmer) and deionized water. The working
concentration of each component used in the PCR was as follows: 2.5 mM dNTP
solution, 5 U/ul Ampli-Taq DNA polymerase, 20 uM each primer and 25 mM MgCl,
solution. All PCR reactions were performed using 60 hg of template DNA, in a volume
of 25 ul, overlayed with one drop of mineral oil. The amounts of each PCR component,
depending on the primer set, are listed in Table 3. Multiplexing OBCAM, CRFA and
IGF1 together in one reaction changed the amount of each primer from 0.5 pul to 0.25 pl
and deionized water from 14.25 pul to 13.75 ul, while maintaining the same
concentrations of the other components. PCR thermocycler running conditions using the
PTC-100 Thermocycler from MJ Research were also optimized for each primer set and
are listed in Table 4.

Table 3. Amount of each component for a 25 ul PCR.

10X | 2.5mM | 25mM | 20uM | S5U/ul | 30ng/ul
Marker | Buffer | dNTPs | MgCl, | Primer | TAQ DNA dH,0
OBCAM | 2.5ul | 2.0ul 3.0ul 0.5ul | 0.25ul | 2.0ul 14.25ul
CRFA | 2.5ul | 2.0ul 3.0ul 0.5ul | 0.25ul | 2.0pl 14.25ul
IGF1 2.5ul | 2.0pl 3.0ul 0.5ul | 0.25ul | 2.0pl 14.25ul
IRBP2 2.5ul 2.0pl 3.0ul 0.5ul | 0.25ul [ 2.0pl 14.25ul
CSN3 2.5ul | 2.0ul 3.0ul 0.5ul | 0.25ul | 2.0ul 14.25pl
JP15 2.5ul | 2.0ul 3.0ul 0.5ul | 0.25ul | 2.0pl 14.25ul
FCB304 | 2.5u1 | 2.0ul 3.0ul 0.5ul | 0.25ul | 2.0ul 14.25pl
JP23 2.5ul | 2.0ul 1.5ul 0.5ul | 0.25ul | 2.0l 15.75ul
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Verification of optimal conditions was performed on 2% agarose gels, with ethidium
bromide staining. All sample runs during optimization contained positive and negative
controls, two random deer samples and DNA size standards in the first and last lanes of
the gel. 5 ul of each standard combined with 1 pl of loading dye (Blue Dextran and
Ficoll from Sigma) mixed with fragment comigration indicator dyes xylene cyanole FF
(Sigma) and bromphenol blue (Sigma) were loaded in the wells of the gel. 15 pl of each
sample combined with 3 ul of loading dye as described above were loaded in the wells of
the gel. The test samples used were 95201 an<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>