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New Approaches to DNA Fingerprint Analysis

By James W. Schumm
Promega Corporation

Promega has pioneered the development of reagent systems for DNA typing applications since 1989. In this report, we provide an
overview of DNA typing methods. We describe the advantages of short tandem repeat (STR) systems and discuss Promega's
development of DNA typing systems which provide increased accuracy and reliability in a high-throughput format.

Introduction

The O.J. Simpson trial has brought the use of DNA analysis for personal identification into sharp public focus. The U.S. Crime Act of
1994 and similar legislation in Canada, the United Kingdom and many other countries has paved the way for the development of
databases which will hold "DNA fingerprints" for large numbers of individuals previously convicted of violent crimes. Promega has
been a leader in the development and distribution of reagent systems for DNA typing applications since 1989. Our latest technical

advances in this GenePrint'™ product line are deeply rooted in the progress of genetic mapping and the human genome project.

DNA markers which distinguish individuals from one another have been known since 1980 (1) with the discovery of a Restriction
Fragment Length Polymorphism (RFLP, Figure 1) on chromosome 14. When DNA from several individuals was digested with the
restriction endonuclease EcoR I, separated by agarose gel electrophoresis and detected by Southern blot analysis using a radioactive
probe for the D14S1 locus, different banding patterns were seen for different individuals. The alternative forms of the DNA (alleles),
characterized by length variations, were heritable traits resulting from the presence or absence of a restriction site at this locus.
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Figure 1. Schematic diagram illustrating different types of polymorphic markers. RFLP markers are distinguished by
polymorphism due to presence or absence of a restriction site at the same site in homologous chromosomes. VNTR and
STR markers contain repeated sequences of 15-70 and 2-4 bases, respectively. VNTR markers are detected using flanking
restriction sites (as shown) or using PCR primers, in which case they are called "amplifiable VNTRs" or "AMP-FLPs".
Unique flanking sequences are used as PCR primers with STR markers.

A new class of polymorphic marker known as Variable Number Tandem Repeats (VNTRs, Figure 1) was described in 1985 (2). These
markers contained many alleles at each individual locus, not due to the presence or absence of a restriction site, but rather, variability in
the number of copies of a 15-70 base consensus DNA sequence tandemly repeated within a neighboring pair of restriction sites.
Thousands of Southern-based DNA polymorphisms were used to generate genetic maps during the late 1980s and early 1990s (3-5).

Dinucleotide repeat polymorphisms (6), and trinucleotide and tetranucleotide repeats discovered shortly thereafter (7-11), are called
Short Tandem Repeats (STRs). They have the same basic structure as VNTRs, but the tandemly repeated consensus sequences are only
two to four bases long (Figure 1). The shorter repeat lengths of STR markers make them more compatible with use of the polymerase
chain reaction (PCR). This advantage has made them popular and useful markers for recent genetic maps (12,13).

The application of STR markers to the forensic sciences and paternity analyses requires only a limited number of markers from the
thousands which have been generated for genetic mapping purposes. However, the selected markers must have several characteristics to
be useful for human identification. First, only STRs which demonstrate a high degree of variability within the population should be
selected. Second, the amplified products must be easily distinguished from one another. This means rejecting markers which contain
frequent microvariants (i.e., alleles differing from one another by lengths shorter than the repeat length) as the closer and more random
spacing of alleles is more difficult to interpret. Finally, the prevalence of stutter bands [i.e., amplification artifacts which appear one or
more repeat lengths above or below the true amplified allele (6,14,15)], has led to the rejection of dinucleotide repeats as a class for
these applications.

For forensic applications, the ability to amplify and detect very small amounts of DNA template (typically 1ng) is essential. For



paternity analyses, the mutation rate of the markers must be extremely low to avoid false exclusion of suspected fathers. In all cases, the
reliability and reproducibility of the data is of utmost importance. In a mapping project, a mistake may mean that a computer program
will identify an unlikely double-recombinant which can be reviewed and corrected. However, the life of one or more individuals will be
altered by the outcome of forensic or paternity analyses.

Identification of the best markers for these applications is complicated by the fact that their desired traits are not fully compatible with
one another. While it is possible to identify highly polymorphic markers with a relatively low presence of stutter bands (16,17), such
markers generally display microvariants and increased mutation frequency (18,19). In our work, we have focused on the development of
tetranucleotide repeat loci which display few or no microvariants, minimal stutter bands, and have a relatively low mutation rate. This
means that the loci selected do not have the highest possible degree of polymorphism as individual systems. However, as described
below, we have developed these loci into multiplex systems which maintain the positive qualities of easy, reliable interpretation, while
adding very powerful means for discriminating individuals. Our objective of providing these materials in a variety of non-isotopic
formats for manual or semi-automated detection is discussed below.

Advantages of STR systems

We selected STR systems for development as genetic markers for forensic science, paternity analysis and tissue culture verification
because they offer several advantages over previously employed methods. STR markers are plentiful -- more than two thousand STRs
suitable for genetic mapping studies have been described (12,13). From these, we have selected those STRs which have high
discrimination potential yet minimal genetic artifacts (such as microvariants) and minimal amplification artifacts (such as stutter bands).
This search resulted in the current development of 13 STR loci with future development of several more expected (Table 1).
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Further advantages of STR markers derive from the fact that the polymorphism observed with the currently developed systems results
almost exclusively from variation in the number of tetranucleotide repeats present at the locus, and not from insertion or deletion of one
or two bases. Alleles which differ by 4 bases in these 100-350 base amplification products are easily separated in polyacrylamide
denaturing gels. This allows rapid and precise allele determination (i.e., typing), a simplification over the VNTR markers which cannot
be precisely typed.

The discrete nature of alleles of these select STR loci has also allowed the development of allelic ladders. Allelic ladders are composed
of a collection of most or all of the amplified alleles found in the general population. These composites make ideal size markers because
(in all cases we have developed to date except the locus VWA\) the size markers and the amplified unknown alleles will contain not only
the same size fragments, but the same sequence fragments. Thus, ladder components and unknowns co-migrate in gel electrophoresis
regardless of the gel matrix or running buffer selected. In the same fashion, the addition of a fluorescent tag, often used as a reporter
molecule in STR analysis, alters the migration of ladder components and the amplified unknowns in identical fashion. Consequently,
different laboratories using different separation techniques and different detection formats can compare their results with precision and
reliability.



The fact that STR analysis is based on the PCR process offers several additional advantages. First, the detection of small amounts of
template (e.g., 1ng human DNA) has become routine. Second, there are a number of rapid purification methods which are compatible
with PCR but do not provide enough DNA of appropriate quality for use in the Southern-based formats. Third, because the actual length
of the amplified alleles generally varies from 100-350 bases, degraded DNA samples -- sometimes the only available forensic samples --
are more compatible with this approach than previously used methods.

Development of high-throughput STR systems

The major disadvantage in using STR systems is that those STRs which display few or no microvariants and low mutation rates are not
as polymorphic as the best VNTR markers. Thus, there is a need to develop high-throughput approaches with STRs to overcome this
deficiency. The selection of individual STR loci each with a limited size range of known alleles (Table 1) means that several STR
systems may be detected simultaneously, without overlapping loci, in the same lane on a gel. This offers the potential to develop STR
multiplex systems.

At Promega, we have developed three fluorescent quadriplex STR systems to satisfy the need for high-throughput analyses (Table 2).
As illustrated in Figure 2, each quadriplex system allows co-amplification of four STR loci and each system contains a mixture of allelic
ladders for the four loci. The allele size ranges of the different loci in an individual multiplex do not overlap one another, allowing for

rapid and confident typing of alleles (Figure 2).

Table 2. GenePrint™ STR Mulfiplex Systems.
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Figure 2. GenePrint'™™ Fluorescein-Labeled STR Multiplex Systems. Six DNA samples were amplified (Lanes 1-6) and
are shown in each panel along with allelic ladders (Lanes L) for the corresponding system. Each of three quadriplex STR

systems are shown under the heading for CTTv, FFFL and GammaSTR ™. Each allelic ladder is labeled on the right with
the number of copies of the repeated sequence contained within its corresponding largest and smallest alleles. All materials

were separated using a 4% polyacrylamide denaturing gel and detected using the Molecular Dynamics FIuorImagerT'VI Sl
fluorescent scanner.



All three quadriplexes use the same amplification protocol, allowing simultaneous amplification in a single thermal cycler.
Amplification products from 1ng of DNA template are readily detected with each of these systems (data not shown). Since one primer
from each locus is labeled with fluorescein, detection of the amplified products may be achieved using any of several fluorescent

imaging instruments. While Figure 2 displays amplification products of each multiplex using the Molecular Dynamics FIuorImagerT'VI
S| fluorescent scanner, the same materials may be detected using the Hitachi FMBIO® fluorescent scanner, Pharmacia ALF DNA

Sequencer (the ALF Express DNA Sequencer requires use of a different dye), the Applied Biosystems (ABI) Model 373 or Prism™
377 DNA Sequencer.

Some fluorescence detection instruments are capable of simultaneously detecting and discriminating more than one fluorescent dye. We
have taken advantage of this feature to develop a single system which permits co-amplification and two-color detection of eight STR

loci. This system, known as the GenePrint™ PowerpIexT'VI System contains a mixture of eight primer pairs provided as a single pre-
mixed and pre-qualified cocktail (Table 2). One primer for each locus in the CTTv Multiplex has been labeled with carboxy-

tetramethylrhodamine (TMR), while one primer for each locus in the GammaSTR™ Multiplex is labeled with fluorescein. All eight loci
are amplified simultaneously in a single tube and analyzed in a single gel lane as illustrated in Figure 3 for the Hitachi FMBIO®
fluorescent scanner and in Figure 4 for the ABI Prism™ 377 DNA Sequencer. Amplified samples are compared with a mixture of the
eight corresponding allelic ladders to determine allele content of unknown samples rapidly and precisely. The new GenePrint™

Fluorescent Size Marker (CXR) (to be available separately or as a component of the PowerpIexT'VI Systems) is shown in red in Figure 4.
This size marker displays 16 fragments of 60, 80, 100, 120, 140, 160, 180, 200, 225, 250, 275, 300, 325, 350, 375 and 400 bases. It can
be used in each lane to standardize sizing in the presence of gel migration artifacts. Different primer cocktails and allelic ladder mixes
have been developed to accommodate the Hitachi fluorescent scanner and the ABI DNA sequencers. This was necessary because the
different lasers in the two instruments activate the fluorescent TMR and FL dyes with different relative efficiencies.
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Figure 3. GenePrint™ Powerplex ™ -- Hitachi-Compatible System. Six DNA samples were amplified (Lanes 1-6) and
are shown with allelic ladders (Lanes L) for the corresponding system. Panel A: Two-color image of all eight STR systems
which were amplified simultaneously and detected using the Hitachi FMBIO® fluorescent scanner. The amplified products
of the fluorescein-labeled loci, D16, D7, D13 and D5 are shown in green, while the TMR-labeled loci, CSF1PO, TPOX,
THO1 and VWA are shown in red. Panel B: A scan using a 505nm filter, which reveals the corresponding black and white
image of the fluorescein-labeled loci, D16, D7, D13 and D5. Panel C: A scan using a 625nm filter, which reveals a black
and white image of the TMR-labeled loci, CSF1PO, TPOX, THO1 and vVWA. In Panels B and C, each allelic ladder is
labeled to its right with the number of copies of the repeated sequence contained within its corresponding largest and
smallest alleles. All materials were separated using a 4% polyacrylamide denaturing gel.
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Figure 4. GenePrint™™ Powerplex "™ -- ABI-Compatible System. The electropherogram of a DNA sample co-amplified
at eight loci is shown. The amplified products of the fluorescein-labeled loci, D16, D7, D13 and D5, are shown as blue
peaks, while the TMR-labeled loci, CSF1PO, TPOX, THO1 and vWA are shown as black peaks. The GenePrint™
Fluorescent Ladder (CXR) is shown as red peaks. All materials were separated using a 4% polyacrylamide denaturing gel
and detected with the ABI Prism™ 377 DNA Sequencer.

The cost of instrumentation for fluorescence detection can be prohibitive for many laboratories. As part of our commitment to providing
non-isotopic, high-throughput methods of STR analysis to all forensic and paternity laboratories, we have developed three STR triplex
systems for silver stain detection. This approach requires only a power supply, an electrophoresis unit and a few plastic tubs. The nine
STR loci in these three systems are a subset of the twelve STR loci amplified in the three fluorescent quadriplexes (Table 2). Allelic
ladders are included as size standards with the silver systems. Thus, data generated with either the silver stain approach or the
fluorescent approach may be used interchangeably.

Summary

The GenePrint™ Multiplex STR Systems described in this article are extremely effective in discriminating individuals from one
another and in determining paternal inheritance. The selection of individual STR loci which display a minimum of genetic or PCR
artifacts and elicit low mutation rates has allowed development of reliable systems. The inclusion of allelic ladders with each system
provides a rapid and accurate method of allele determination. The development of both silver stain and fluorescent detection methods
for the same STR systems provides universal application across laboratories with different levels of resources.
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Ordering Information

Product ’Size (rxn) ’Cat.#

CSF1PO, TPOX, THO1 Multiplex(Silver Stain) ] 100 ] DC6001
] 400 ’DCGOOO

F13A01, FESFPS, VWA Multiplex(Silver Stain) ] 100 ] DC6031
] 400 ’DCGOSO

CSF1PO, TPOX, THOL, VWA Multiplex(Fluorescein) ] 100 ]Dceaol
] 400 ]Dceaoo
|




F13A01, FESFPS, F13B, LPL Multiplex(Fluorescein) ] 100 ’DCG311
] 400 ’DCG310
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