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deoxyribonucleic acid
(DNA)

The molecules carry-
ing the body’s genetic
information; DNA is
double stranded in the
shape of a double helix

chromosomes

A threadlike structure
in the cell nucleus com-
posed of DNA, along
which the genes are
tocated

pelymer

A substance composed
of a large number of
atoms; thase atoms

are usually arranged

in repeating units,

ar monomers

Understanding DNA

The discovery of deoxyrilionucleic acid (DNA), the deciphering of its structure,
and the decoding of its genetic information were turning points in our under-
standing of the undetlying concepts of inheritance. Now, with incredible speed,
as molecular biologists unravel the basic structure of genes, we can create new
products through genetic engineering and develop diagnostic tools and treat-
ments for genetic disorders,

Tor a number of years, these developments were of seemingly peripheral in-
terest to forensic scientists. All that changed when, in 1985, what started out as
a more or less routine investigation into the structure of a human gene led to the
discovery that portions of the DNA structure of certain genes are as unique to
each individual as fingerprints. Alec Jeffreys and his colleagues at Leicester Uni-
versity, England, who were responsible for these revelations, named the process
for isolating and reading these DNA markers DNA fingerprinting. As researchers
uncovered new approaches and variations to the original Jeffreys technique, the
terms DINA profiling and DINA typing came to be applied to describe this relatively
new technology.

This discovery caught the imagination of the forensic science community,
because forensic scientists have long searched for ways to definitively link bio-
logical evidence such as blood, semen, hair, and tissue to a single individual.
Although conventional testing procedures had gone a long way toward narrow-
ing the source of biological materials, individualization remained an elusive goal.
DNA typing has allowed forensic scientists to accomplish this goal. Although the
technique is still relatively new, DNA typing has become routine in public crime
laboratories. It also has been made available to interested parties through the
services of a number of skilled private laboratories. In the United States, courts
have overwhelmingly admitted DNA evidence and accepted the reliability of its
scientific underpinnings.

Inside cach of 60 trillion cells in the human body are strands of genetic material
called chromosomes. Arranged along the chromosomes, like beads on a thread,
are nearly 25,000 genes. The gene is the fundamental unit of heredity. It instructs
body cells to make proteins that determine everything including hair color and
susceptibility to diseases. Fach gene is composed of DNA designed to carry outa
single body function.

Although DNA was first discovered in 1868, scientists were slow to under-
stand and appseciate its fundamental role in inheritance. Painstakingly, research-
ers developed evidence that DNA was probably the substance by which generic
instructions are passed from one generation to the next. However, the first major
breakthrough in comprehending how DNA works did not occur until the early
1950s, when two researchers, James Watson and Francis Crick, deduced the
structure of DNA (see Figure 9-1). Tt turns out that DNA is an extraordinasy
molecule skillfully designed to control the genetic traits of all living cells, plant
and animal.

The Structure of DNA Before examining the implications of Watson and Cricks

discovery, ler’s see how DNA is constructed. DNA is a polymer. A polymer is 2




DNA: The Indispensable Forensic Tool ~ 3&%

FIGURE 9-1

The discoverers of the
structure of DNA. James
Watson at left and Francis
Crick, seen with their
model of part of a

DNA molecule.

Courtesy Photo
Researchers Inc.

very large molecule made by linking a series of repeating units, or monomers. nucleotide

In this case, the units are known as nucleotides. A repeating unit of
DNA consisting of

" Nudesotides. A nucleotide is composed of a sugar molecule, a phosphorusatom  gne of four bases—
surrounded by four oxygen atoms, and a nitrogen-containing molecule called a2 adenine, guanine,
" base. Figure 9—2 shows how nucleotides can be strung together to form a DNA cytosine, or thymine—
¢ strand. Tn this figure, S designates the sugar component, which is joined with a attached to a phos-
* phosphate group to form the backbone of the DNA strand. Projecting from the phate-sugar grouo

backbone are the bases.

FIGURE 9-2

How nucleotides can ke
linked to form a DNA
strand. S designates

the sugar component,
which is joined with
phosphate groups (P) to
farm the backbone of
DNA. Projecting from the
backbone are four bases:
A, adenine; G, guanine; T,
thymine; and C, cytosine.
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complementary

base pairing

The specific pairing of
base A with T and base
C with G in double-
stranded DNA

FIGURE 9-3

A representation of a
DNA double helix. Notice
how bases G and C pair
with each other, as do
bases A and T. This is the
only arrangement in which
two DNA strands can
align with each other in

a double-helix configura-
tion. Courtesy of Photo
Researchers, Inc.

 The key to understanding how DNA works is to appreciate the fact thap
only four types of bases are associated with DNA: adenine, cytosine, guanine,
and thymine. To simplify our discussion of DNA, we will designate cach of these
bases by the first letter of their names. Hence, A will stand for adenine, C fyr
cytosine, G for guanine, and T for thymine.

Again, notice in Figure 9-2 how the bases project from the backbone of DNA,
Also, although this figure shows a DNA strand of four bases, keep in mind thar
in theoty there is no limit to the lengih of the DNA suand; a DNA strand can
be composed of a long chain with millions of bases. This information was wel}
known to Watson and Crick by the time they set about to detail the structure of
DNA. Their efforts led them to discover that the DNA molecule is composed of
two DINA strands coiled into a double helix. This can be thought of as resembling
two wires twisted around each other.

As Watson and Crick manipulated scale models of DNA strands, they real-
ized that the only way the bases on each strand could be properly aligned with
each other in a double-helix configuration was to place base A opposite T and
G opposite C. Watson and Crick had solved the puzzle of the double helix and
presented the world with a simple but elegant picture of DNA (see Figure 9-3).

Complementary Base Pairing. The only arrangement possible in the double-
helix configuration is the pairing of bases A to T and G to C, a concept that has
become known as complementary base pairing. Although A-T and G-C pairs
are always required, there are no restrictions on how the bases are sequenced on
a DNA strand. Thus, one can observe the sequences T-A-T-T or G-T-A-A
or G-T-C-A. When these sequences are joined with their complements in a
double-helix configuration, they pair as follows:
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Any base can follow another on a DNA strand, which means that the pos-
sible number of different sequence combinations is staggering. Consider that the
average human chromosome has DNA containing 100 million base pairs. All of
the human chromosomes taken together contain about 3 billion base pairs. From
these numbers, we can begin to appreciate the diversity of DNA and hence the
diversity of living organisms. IDYNA is like a book of instructions. The alphabet
used to create the book is simple enough: A, T, G, and C. The order in which
these letters are arranged defines the role and function of a DINA molecule.

DR A at Werk The inheritable traits that are controlied by DINA arise out of its
ability to direct the production of complex molecules called proteins. Proteins are
made by linking a combination of aminoe acids. Although thousands of proteins
exist, they can all be derived from a combination of up to 20 known amino acids.
The sequence of amino acids in & protein chain determines the shape and func-
tion of the protein.

Let’s look at one example: The protein hemoglobin is found in our red blood
cells. It carries oxygen to our body cells and removes carbon dioxide from these
cells. One of the four amino acid chains of “normal” hemoglobin is shown in
Figure 9-4(al. Studies of individuals who have sickle-cell anemia show that this
inheritable disorder arises from the presence of “abnormal” hemoglobin in their
red blood cells. An amino acid chain for “abnormal” hemoglobin is shown in Fig-
ure 9-4(H). Note that the sole difference between “normal” and “abnermal,” or
sickle-celi hemoglobin, arises from the substitution of one amino acid for another
in the protein chain ( see Figure 9-3).

F!GUR‘E 9-4 {a} A string of amine acids composes one of the protein chains of hemoglo-
bin. (b) Substitution of just one amine acid for another in the protein chain results in sickle-
cell hemogiobin.

Normal Sickle-cell
hemoglobin hemoglebin
1 valine valine
| N
2 histidine histidine
| ]
3 leugine " leucine
| i I
4 thregnine threoning
| | :
5 proline proline
6 glutamate
7 glutamate glutamate
{a} {b}
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proteins

Polymers of amino
acids that play basic
roles in the structura
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living things

amino acids
The building blocks
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FIGURE 9-5

Sickle cell anemia is an
inherited anomaly in
which the red blood cells
contain an abnormal
form of hemoglobin.
Decreased oxygen supply
causes normal red biood
cells to change their
form into sickles.
Courtesy Photo
Researchers, Inc.

The genetic information that determines the amino acid sequence for every
protein manufactured in the human body is stored in DNA in a genetic code that
relies on the sequence of bases along the DINA strand. The alphabet of DNA is
simple—4, 7, G, and C~—bur the key to deciphering the genetic code is to know
that each amino acid is coded by a sequence of three bases. Thus, the amino
acid alanine is coded by the combination C—G—T7; the aminoc acid aspartate is
coded by the combination C—7-4; and the amino acid phenylalanine is coded
by the combination A-A-A. With this code in hand, we can now see how the

amino acid sequence in a protein chain is determined by the structure of DNA.
Consider the DNA segment

- G-T-C-T-A-A-A-A-C-G-T—
The wiplet code in this segment translates into
[C-G-T] - [C-T-A] — [A-A-A] - [C-G-T}

or the protein chain

alanine [—aspartate == phenylalanine [ alanine

Interestingly, this code is not restricted to humans. Almost all living cells
studied to date use the same genetic code as the language of protein synthesis.'

If we look at the difference between “normal” and sickle-cell hemoglobin
{see Figure 9-4), we see that the latter is formed by substituting one amino acid
{valine) for another (gluramate). Within the DNA segment that codes for the 3
production of normal hemoglobin, the letter sequence is

 [C-C=T] = [G-A=G] ~ [G=A-G] -

proline  gluramate glutamate

Individuals with sickle-cell disease carry the sequence

JC-C-T] — [G-T-G] - [G-A—G] —

proline valine  glutamate
Thus, we see that a single base or letter change (T has been substituted for A

in valine) is the underlying cause of sickle-cell anemia, demonstrating the delicare
chemical balance between health and disease in the human body.

R
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As scientists unravel the base sequences of IDNA, they obrain a greater
appreciation for the roles of proteins in the chemisury of fife. Already the genes
responsible for hemophilia, Duchenne muscular dystrophy, and Huntingron’s
disease have been located. Once scicntists have isolated a disease-causing gene,
they can determine the protein that the gene has directed the cell to manufacrure.
By studying these proteins—or the absence of thern—scientists will be able o
devise a rreatment for genetic disorders. .

A 13-year project to determine the order of bases on all 23 pairs of human
chromosomes (also called che human geneme) is now complete. Knowing che
location on a specific chromosome at which DINA codes for production of a
particular protein is useful for diagnosing and treating genetic diseases. This
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hurman ganome
The order of bases on
afl 23 pairs of human

N . o - -~ . o chromosomes
information is also crucial for understanding the underlying causes of cancer.
Also, comparing the human genome with thai of other organisms will help us
understand the role and implications of cvolution.
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Cruick Review {
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Replication of .

Once the double-helix strucrare of DNA was discovered, how DNA duplicated
itself before cell division became apparent. The concepr of base pairing in DNA
suggests the analogy of positive and negartive photographic film. Each strand of
DNA in the double helix has the same informarion; one can make a positive print
from a negative or a negacive from a posirive.

DNA replication—the synthesis of new DNA from existing DNA—-begins
with the unwinding of the DINA strands in the double helix. Each strand is then
exposed 1o a collection of free nucleotides. Letter by letter, the double helix is
re-created as the nucleotides are assembled in the proper order, as dicrated by the
Principle of base pairing (4 with Tand G with C). The result is the emergence of
twa identical copies of DINA where before there was only one (see Figure 9-6).

rigure 9-6
A cell can now pass on its genetic identiey when It divides.

replication

The synthesis of
new DNA from
existing DNA

e
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FIGURE 9-6
Replication of DNA.
The strands of the origi-
nal DNA molecule are
separated, and two new
strands are assembled.

polymerase chain
reaction (PCR)

A technique for rep-
licating or copying
a portion of a DNA
strand outside a
fiving cell

Many enzymes and proteins are involved in unwinding the DNA strands,
keeping the two DNA strands apart, and assembling the new DNA strands. For
example, DNA polymerases are enzymes that assemble a new DNA strand
in the proper base sequence determined by the original or parent DNA
strand. DNA polymerases also “proofread” the growing DNA double helices
for mismatched base pairs, which are replaced with correct bases.

L7

Parent DNA
unravels

New double
helices formed

e DI R e T e e e

Undil recently, the phenomenon of DNA replication appeared to be only of aca-.
demic interest to forensic scientists interested in DNA for identification. How-,

ever, this changed when researchers perfected the technology of using DNA
polymerases to copy a DNA strand located outside a living cell. This relarivel
new laboratory technique is known as polymerase chain reaction {(PCR}.

[n PCR, small quantities of DNA or broken pieces of DNA found in crim

scene evidence can be copied with the aid of a DNA polymerase. The Copyiﬂﬁi

process can be accomplished in an automated fashion using a DNA Therm
Cycler (see Figure 9-7). Each cycle of the PCR technique results in a doubling
the DNA. Wichin a few hours, 30 cycles can multiply DNA a billionfold. On
DNA copies are in hand, they can be analyzed by any of the methods of modet
molecular biology. The ability to multiply small bits of DNA ope
exciting avenues for forensic scientists to explore. It means that samp
longer a limiration in characterizing DNA recovered from crime-scen

le size s 2
e evidenc

ns new and

3




AT Ay e T R

e

o i e A

i

/
i

DNA: The Indispensable Forensic Tool

FIGURE 9-7

The DNA Thermal

Cycler, an instrument
that automates the rapid
and precise temperature
changes required to copy
a DNA strand. Within a
matter of hours, DNA can
be multiplied a billionfold.
Courtesy Applied Biosys-
tems, Foster City, Cafif.

Quiclc Review

i

e DNA replication begins with the unwinding of the DNA strands in the
double helix. The double helix is re-creared as cthe nucleotides are assembled

in the proper order (A with T and G with C). Two identical copies of DNA

emerge from the process.

¢ PCR (polymerase chain reaction) is a technique for replicating or copying a

portion of a DNA strand outside a living cell.

~® Recombinant DNA is a process by which the DNA of an organism is alcered
by insercing into it fragments of DNA from another organism (see Inside

the Science on the following pages).
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Inside the Science
Recombinant ONA

The relationship between the base letters on a DNA strand and the type of
protein specified for manufacture by the sequence of these letters is called
the genetic code. Once a particular DNA site has been identified as con-
trolling the production of a certain protein, molecular biologists can take
advantage of the natural chemical-producing abilities of the DNA site. This
undertaking has given rise to the technology known as recombinant DNA.

A restriction enzyme cuts
DMA molecules from two
different sources

When mixed together the
two different DNA fragments
are joined
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Inside the S @igm@@ CONTINUED)

Recombinant DNA relies on the ability of certain chemicals, known as
restriction enzymes, to cut DNA into fragments that can later be incorpo-
rated into another DNA strand. Restriction enzymes can be thought of as
highly specialized scissors that cut a DNA molecule when they recognize &
specific sequence of bases. At present, more than 150 restriction enzymes
are commercially available. Thus, molecular biologists have a great deal of
flexibility in choosing the portion of a DNA strand they wish to cut out.

Once a portion of the DNA strand has been cut out with the aid of a
restriction enzyme, the next step in the recombinant DNA process is to
insert the isolated DNA segment into a foreign DNA strand (normally,
bacterium DNA is selected). Many types of bacteria contain DNA shaped
in a circle. A restriction enzyme is used to cut open the circular DNA; then
the foreign DNA is spliced in to re-form the circle (see figure). The newly
fashioned DNA is reintroduced intc the bacterial cells. As the bacteria
multiply rapidly in their usual fashion, copies of altered DNA are passed
on to all descendants.

The commercial implications of recombinant DNA technology are enor-
mous. For example, the gene that produces human growth hormone

has been introduced into goldfish and carp, and the gene that produces
growth hormone in rainbow trout has been introduced into carp. In each
case, the gene-altered fish have grown significantly faster and larger than
their natural relatives. If altered bacteria are infused with the DNA seg-
ment that makes human insulin, for example, the bacteria make human in-
sulin. Because bacteria multiply so rapidly, it is not long before significant
amounts of insulin can be recovered and used to treat diabetes. In this
manner, other naturally occurring substances can be produced in com-
mercial quantities for the treatment of human allments. Likewise, plant
genetic engineering holds promise for increasing global food production.

335
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tandem repeat
Region of a chroma-
some that contains
multiple copies of a
core DNA sequence
arranged in a
repeating fashion

FIGURE 9-8

A DNA segment consist-
ing of a series of repeat-
ing DNA units, In this
illustration, the fifteen-
base core can repeat
itself hundreds of times.
The entire DNA segment
is typically hundreds to
thousands of bases long.

restriction fragment
length polymorphisms
{RFLPs)

Different fragment
lengths of base pairs
that result from cutting
a DNA molecule with
restriction enzymes

restriction enzyme
Cherical that acts as
scissors to cut DNA
molecules at specific
locations

Geneticists have discovered that portions of the DNA molecule contain sequenc-
es of letters that are repeated numerous times. In fact, more than 3¢ percent of
the human genome is composed of repeating segments of DNA. These repeating
sequences, or tandem repeats, seem (o act as filler or spacers between the cod-
ing regions of DNA. Although these repeating segments do not seem to aifect
our outward appearance or control any other basic genetic function, they are
nevertheless part of our genetic makeup, inherited from our parents in the man-
ner illustrated by the Punnett square (page 301). The origin and significance of
these tandem repeats is a mystery, but to forensic scientists they offer a means of
distinguishing one individual from another through DNA typing.

Forensic scientists first began applying DNA technology to human identity in
1985. From the beginning, attention has focused on the tandem repeats of the
genome, These repeats can be visualized as a string of connected boxes with each
box having the same core sequence of DNA bases (see Figure 9-8). All humans
have the same type of repeats, but there is tremendous variation in the number of
repeats that each of us has.

Until the mid-1990s, the forensic communityaimed its efforis at characterizing
repeat segments known as restriction fragment length polymorphisms (RFLPs).
These repeats are cut out of the DNA double helix by a restriction enzyme that
acts like a pair of scissors. The forensic science community selected a number of
different RFLPs for performing DNA typing. Typically a core sequence is 15 to
35 bases long and repeats itself up to a thousand times.

Let’s examine some DNA strands with regions of repeating base sequences t0
see how this process works. Figure 99 illustrates a portion of a pair of chromo-
somes. Note that each chromosome is composed of two DNA strands wrapped
in a double-helix configuration. Each chromosome has a region that conains
repeating bases. For the sake of simplicity in illustrating the RFLP method, we
assume that the core repeat is only three bases long with a sequence of 7--A-G.

Note an important distinction between the two chromosomes: the chromo-
some on the left has three repeating sequences of 7-A—(G, whereas the one o1
the right has two repeating sequences of 7-A-G. As with any genetic trait, these
repeating sequences were inherited from the parents. In this example, one parent
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'_'contributed the chromosome containing the three repeating sequences, and the
:jother parent passed on the chromosome conraining the two repeating sequences.
. The key to understanding DNA typing lies in the knowledge that within the
world’s population, numerous possibilitics exist for che number of times a par-
ticular sequence of base lerrers can repeat itself on a DNA strand. The possibilities
become even greater when one deals with two chromosomes, each containing dif-
ferent lengrhs of repeating sequences. During RYLP typing, restiction enzymes
cut up chromosomes into hundreds of fragments, some containing repearing,
sequences from the DNA molecule. In our example, shown in Figure 9-9, the
chromosome pair, when cut, will yield two different fragment lengths of 7-A-G.

Electrophoresis The length differences associated with DNA strands or RELPs
allow forensic scientists to distinguish one person from another. In actuality, these
strands are relatively long, often consisung of thousands of bases. Once the DNA
molecules have been cur up by the restriction enzyme, the resulting fragments
must be sorted ourt. This is accomplished by separating the fragments by electro-
phoresis.

During the electrophoretic process, DNA from various sources, cut up by
restriction enzymes, is placed on a plate coated with a gel medium. When the
gel is subjected to an electric potential, the DNA fragments migrate across the
plate. Because smaller DNA fragments move faster along the plate than do larger
fragmencs, the process separates the fragments according to size.

23%

FIGURE -9

interwined strands of
DNA representing seg-
ments of two chromao-
somes. Note that the
chromosome segment
on the left contains three
repeating sequences of
T-A-G, while the chromo-
some segment an the
right has two repeating
sequences of TA-G

electrophoresis

A technique for
separating molecules
through their migration
on a support medium
under the influence of
an electrical potential
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Hybridization Once the electraphoresis process is completed, the double-

stranded fragments of DNA are chemically treated so that the strands separate

from each other. The fragments are chen transferred to a nylon membrane in

much the same way as one would transfer an ink line onto a blotter. This transfer

process is called Southern blotting, named after its developer, Edward Southern,
it o To Visklalize the separatcd RFLPs, the nylon sheet is treated with radioactively
i IR . labeled probes containing a base sequence complementary to the RFLPs being
hybridization identified (a process called hybridization).

The process of joining . . .
DNA Typing with RFLP In our example, we aim to identify RELPs composed

T CRETRL R S S R

two complementary .
strands of DNA to of a repeating string of letters spelling 7-A-G. Hence, the appropriate probes
form a double- would have the complementary letter sequence A—T—C, as shown in the follow-

stranded molecule ing diagram, so that the probes can specifically bind to the desired RFLP. (Note:
The asterisk designates a radioactive label.)

T A —" T — — A ——
A T — A —
 MyCrimeKit: . 1 |
“ WebExtra 9.2 G C— G —
_‘_‘QSh'ée aﬁuﬁ.—r:gima"ted l . ‘
= Demonﬁ?a‘ﬂon Of ) T A * T -
Gel Electrophoresis #
&‘ﬁ-*'Wwvg-‘:‘jﬁf}yc’FiméET}t.com ‘ |
A T — A
G C — G
RFLP Radioactive
Probes
B T e BT R T T

Next, the nylon sheet is placed against X-ray film and exposed for several da
The radioactive decay products sirike the film. When the film is processed, ba
appear where the radioactive probes stuck to the fragments on the nylon sh
The length of each fragment is determined by running known DNA fragm
lengths alongside the test specimens and comparing the distances they migra
across the plate. The entire DNA-typing process is depicted in Figure 9-10.

A typical DNA fragment pattern chows two bands (one RFLP from €
chromosome). When comparing the DNA fragment patterns of two or m
specimens, one merely looks for a match between the band sets. For exarnpl_(:f
Figure 911, DNA extracted from a crime-scene stain matches the DNA 1€
ered from one of three suspects. Although only a limited number of peop!
a population would have the same DNA fragment pattern as the suspec

rest in itself cannot be used to individualize the stain to the suspect: How!
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EIGURE 9-10 i
The DNA RFLP :
typing process.

DNA is cut into fragments
by a restriction enzyme

//_// ¢4 £ 173§ DNA frapmenis are separated inte bands

gil o T by electropharesis; three rows of bands

R are shown fo represent blood or semen
— sampies from three sources

The DNA band pattemn on ihe
electrophoretic gal is transferred
Membrane 1 5 pylon membrane

Gel

s —

f

S L Nyion membrane with DNA fragments
el positionad exactly as they weré
Yo/ i on the gel

{

(AR
YA/l
o/ e

A radioactive DNA probe is
added to the membrane whese
it binds to specific fragments

X-ray film is placed next o
the membrane to detect the
radicactive patiem

K-ray film
Membrane

Develoned X-ray film showing
DNA fragments that combined
with the radioactive probe
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Inside the Science

Electrophoresis

oresis is somewhat related to thin-layer chromatography
in that it separates materials according to their

anary solid phase. However, electrophoresis does
instead, an electrical

Electroph

(discussed in Chapfer 5)
migration rates on a statl
not use a moving liquid phase to move the material;

potential is placed across the stationary medium.

FIGURE 1

Mixtures of DNA fragmenis
of different sizes placed on
gel-coated plaie

Power source

Power SOurce

Flectric potential Substances with an

applied to plate electrical charge
migrate across plate

Separated proteins allow analyst
10 characterize DNA in dried blood

Lengey fragments _-{/\
move more slowly =7

Sheorier fragments -
Kiy
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“The nature of the medium can vary; most forensic applications call for a
starch or agar gel coated onto a glass plate. Under these conditions, only
cubstances that possess an electrical charge migrate across the stationary
‘phase (see Figure 1). Because many substances in blood carry an electri-
cal charge, they can be separated and identified by electrophoresis. The
technique is particularly useful for separating and identifying complex
biochemical mixtures. In forensic science, electrophoresis is most useful for
characterizing proteins and DNA in dried blood (see Figure 2).

FIGURE 2 DNA fragments separated by gel electrophoresis are visualized under a UV light.
Courtesy Cytographics, Visuals Unlimited

Forensic serologists have developed several electrophoretic procedures
for characterizing DNA in aried blood. Mixtures of DNA fragments can be
separated by gel electrophoresis by taking acvantage of the fact that the
rate of movement of DNA across a gel-coated plate depends on the mole-
cule's size. Smaller DNA fragments move faster along the plate than larger
DNA fragments. After completing the electrophoresis run, the separated
DNA is stained with a suitable developing agent for visual observation.
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FIGURE 9-11

A DNA profile pattern of
a suspect and its match
to crime-scene DNA.
From left to right, lane 1
is a DNA standard mark-
er; lane 2 is the crime-
scene DNA; and fanes 3
ta 5 are control samples
from suspects 1, 2, and 3,
respectively. Crime-scene
DNA matches suspect 2.
Courtesy Edvotek,

The Biotechnology
Education Company,
www. edvotek.com

by using additional DNA probes, each of which recognizes different repeating
DNA segments (other than 7-4-G), a high degree of discrimination or even near
individualization can be achieved. For example, if each probe selected yielded a
DNA type having a frequency of occurrence of one in a hundred in a population,
then four different probes would have a combined frequency of one in 100 mil-
lion (1/100 x 1/100 x 1/100 x 1/100).

L

RFLP DNA typing has the distinction of being the first scientifically accepte
protocol in the United States used for forensic characterization of DNA. Howev¢
its utility has been short lived. New technology incorporating polymerase chal
reaction (PCR) has supplanted RFLP In its short history, perhaps RFLP’s m
startling impact related to the impeachment trial of President Biil Clinton. T
whole complexion of the investigation regarding the relationship of the preside
with a White House intern, Monica Lewinsky, changed when it was revealed tl
Ms. Lewinsky possessed a dress that she claimed was stained wich the preside
semen. The FBT Laboratory was asked to compare the DNA extracted from {1
dress stain with that of the president. A seven-probe RFLP match was ob
between the president’s DNA and the stain. The combined frequency of
rence for the seven DNA types found was nearly one in eighr willion, an t
able link. The dress and a copy of the FBI DINA report are shown in Figure

ndé
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Results of Examinstions:

Deuxyribnnucleic acid (DWa} profiles for the genetic loci
2644, D1757%. D187, D4S139, DL0528, DSS110 and D78467 were
eveloped from HaeIII-digested high molecular weight DHA

- exrracted from specimens K39 and 03243-1{a semen stain removed
rom specimen 32431 . pased on the r?aults af these seven
genetic toci, specimen K39 {CLINTON) im the source of the DNA
Iptained from sp2cimen 01243-1, ta a reascnable degree of

cientific certainty.

Mo DNA-RFLP examinations were‘conducted on specimen ©3243-
"z (a semen stain removed from specimen 03243) .
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sony = 943 000, 2 40
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CQustck Review
o Portions of the DNA molecule contain sequences of bases that are repeated
numerous times. These tandem repeats offer a means of distinguishing one

£,
;
L

individual from another through DNA typing.

* Length differences associated with relatively long repeating DNA strands—
called reseriction fragment length polymorphisms (RFLPs) —formed the
basis for one of the first DNA-typing procedures. :

e In the laboratory, DNA molecules are cut up by a restriction enzyme, and
the resulting fragments are sorted out by electrophoresis.

e Materials undergoing electrophoresis are forced to move across a gel-coated
plate under the influence of an electrical potential. Substances such as DNA
can be separated and characterized using elecirophoresis.

P R R 00 s A R Mg T i £

¢ » A typical DNA fragment pattern shows two bands (one RFLP from each.

chromosome).
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32432

FIGURE 9-12

The dress and the FBI
Report of Examination
for a semen stain located
on the dress.
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For nearly a decade, RELP was the dominant DNA-typing procedure in the Unit-

ed States. However, its utility quickly ended by the mid-1990s. What caused this 3

change? The answer is quite simple: the emergence of a revolutionary and elegant
: ' technique known as polymerase chain reaction, or PCR. Put simply, PCR is a
technique designed to copy or multiply DNA strands. For the forensic scientist,
who is often presented with minute quantitics of materials, the opportunity to
multiply the quantity of sample available for analysis was 100 good to pass up.

PCR is the outgrowth of knowledge gained from an understanding of how DNA
strands naturally replicate within a cell. The most important feature of PCR is the
knowledge that an enzyme called DNA polymerase can be directed to synthesize
a specific region of DNA. In a refatively straightforward mannes, PCR can be
used to repeatedly duplicate or amplify a scrand of DNA millions of times. As
an example, let’s consider a segment of DNA that we want to duplicate by PCR:

T C-T-C-A—-G- C-T-T-C-C-A-G-
—C-A-G-A-G-T-C-G-A-A-G-G-T-C-

To perform PCR on this DNA segment, short sequences of DNA on ea
side of the region of interest must be identified. In the example shown here, the
short sequences are designated by boldface letters in the DNA segment. Th

primer short DNA segments must be available in a pure form known as a primer if the
A short strand of DNA PCR technique is going to work. :
used to target a region The first step in PCR is to heat the DNA strands to about 94°C. At

g;[é(l\l:ﬁ\ for replication temperature, the double-stranded DNA molecules separate completely:

T C-T-CA-G-C-T-T-C-C-A-G-

A GA G- T=C-G-A-A-G-G-T-C-

The second step is to add the primers to the separated serands and all
the primers to combine, or hybridize, with the strands by lowering the test-tt
temperature to about 60°C.

G T C-T=C-A-G-C-T-T-C-C-A-G~
C-A-G-A
C-C-A-G

A GoAG=T=C-G—=A-A-G-G-T-C~




he third step 1s £ add the DNA polymerase and a mixture of free nucleo-

:(A, C, G T)w the separated strands (see Figure 9-13). When the test tube
. ited © 79°C, the polymerase enzyme directs the rebuilding of a double-
s A molecule, extending the primers by adding the appropriate bases,
resulting in the productior: of two complete pairs of double-stranded

INA segiments:

G T-C=T-C-AG-C-T=T-C-C-A-G~
A G-A G—T-C-G-A-A-G-G-T- —

G-T-C-T-C A-G-C-T-T-C-C-A-G
CAGA-G=T C-G-A-A-G-G-T-C~

This completes the first cycle of the PCR technique, which results in a dou-
ling of the number of DNA strands from one to two. The cycle of heating, cool-
ing; and serand rebuilding is then repeated, resulting in a further doubling of the
PNA stands. On completion of the second cycle, four double-stranded DINA
inolecules have been created from the original double-stranded DNA sample.
'ypicall}f, 28 to 32 cycles are carried out to yield more than one billion copies of
he original DNA molecule. Each cycle takes less chan two minutes.

EIGURE 9-13

vial of DNA Polymerase
used in PCR for replica-
tion of DNA. Courtesy
Beth Plowes - Proteapix
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MyCrimeKit:
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View a Polymérase
Chain Reaction
www.mycrimekit. com.
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short tandem

repeat (5TR)

A region of a DNA
molecule that contains
short segments of
three to seven
repeating base pairs

Why conldn’t the PCR technology be applied to RELP DNA typing? Simply pur,
the RELP strands are too long, often containing thousands of bases. PCR is best
used with DNA strands that are no longer than a couple of hundred bases. The
obvious solution to this problem is to characterize DNA strands that are much
shortér than RELDs.

Another advantage in moving to shorter DINA strands is that they would
be expected to be more stable and less subject to degradation brought about by
adverse environmental conditions. The long RFLP strands tend to break apart
under adverse conditions not uncommaon at crime scenes.

From the forensic scientist’s viewpoing, PCR offers a third distinct advantage
in that it can amplify minute quantities of DNA, thus overcoming the limited-
sample-size problem often associated with crime-scene evidence. With PCR, less %=
than one-billionth of a gram of DNA is required for analysis. Consequently, PCR :
can characterize DNA extracted from small quantities of blood, semen, and saliva
The extraordinary sensitivity of PCR allows forensic analysts to characterize smal
quantities of DNA that could never be detected by RFLE For instance, PCR ha
been applied to the identificacion of saliva residues found on envelopes, stamps

soda cans, and cigarette buts.

Quick Review
o Polymerase chain reaction (PCR) can amplify minute quantities of DNA
The technique evolved from an understanding of how DNA strands 1

rally replicate within a cell.
e PCR technology cannot be applied to RELP DNA typing because ]

strands are too long, often numbering in the thousands of bases. PCR
used with DNA strands that are no longer than a couple of hundred b

B o T

e Long RFLP strands tend to break apart under the adverse condit
many crime scenes. The shorter DNA strands used in PCR are more:;
and less subject to degradation caused by adverse environmental condi

[

Short Tandem Repeats (8TRS
The latest method of DNA typing, short tandem repeat (STR) analysi
emerged as the most successful and widely used DNA-profiling procedure. S
are locations (loci) on the chromosome that contain short sequence elemen
repeat themselves within the DNA molecule. They serve as helpful mark:
ideniification because they are found in great abundance throughout the hut
genome.

STRs normally consist of repeating sequences of three to seven bases; the &
strand of an STR is also very short, less than 450 bases long. These stranfs
significantly shorter than those encountered in the RFLP procedure. This @
that STRs are much less susceptible to degradation and are often recovere
bodies or stains that have been subject o extreme decomposition. Also,




i shortness, STRs are an ideal candidate for mulriplication by PCR, thus
cming the limited-sample-size problem often associated with crime-scene
dence. Only one-billionth of a gram or less of DNA is required—1/50 to
00 the amount normally required for RFLP analysis.

understand the utilicy of STRs in forensic science, let’s look at one com-
used STR known as THOL. This DNA segment contains the repeating
A-A-T-G. Seven THO1 variants have been identified in the human
< e, These variants contain 5 to 11 repeats’of A-A-T-G. Figure 9--14 illus-

< rwo such THO1 variants, one containing 6 repeats and the other containing

During a forensic examination, THO1 is extracted from biological materials
and amplified by PCRas described carlier. The ability to copy an STR means that
extremely small amounts of the molecule can be detected and analyzed. Once the
STRs have been copied or amplified, they are separated by electrophoresis. By
examining the distance the STR has migrated on the electrophoretic plate, one
can determine the number of A—4-T-G repeats in the STR. Fvery person has
two STR types for THO1, one inherited from each parent. Thus, for example, one
may find in 2 semen stain THO] with six repeats and eight repeats. This combina-
tion of THO1 is found in approximately 3.5 petcent of the population.

What makes STRs so attractive to forensic scientists is that hundreds of different
types of STRs are found in human genes. The more STRs one can characterize,
the smaller the percentage of the population from which these STRs can emanate.
This gives rise to the concept of multiplexing. Using PCR technology, one can
simultaneously extract and amplify a combination of different STRs.

One STR system on the commercial market is the STR Blue Kit.> This kit
provides the necessary materials for amplifying and detecting three STRs (a process

DNA: The Indispensable Forensic Tool 2%

FIGURE 9-14 Variants
of the short tandem
repeat THO1. The upper
DNA strand contains six
repeats of the sequence
A-A-T-G; the lower DNA
strand contains eight
repeats of the sequence
A-A-T-G. This DNA type
is known as THO1 6, 8.

multiplexing

A technique that simul-
taneously detects more
than one DNA marker
in a single analysis

P T
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called tf“z;plexing)fD381358, vWA, and FGA. The design of the systern ensures
chat the size of the STRs does not oveslap, thereby allowing each marker to be
T viewed clearly on an electrophoretic gel, as shown in Figure 9=13. In the United
States, the forensic science community has standardized on 13 STRs for entry
i 'i 1t a national database known as the Combined DNA Index System (CODIS). .
FIGURE 9-15 ) ;
Triplex system containing Questioned Control
i three loci: FGA, vWA, stain__ stain
and D351358, indicating T T
a match between the -
questioned and the FGA |
standard/reference i A
stains.
WA | T S =
| ®
=
D351358
T R T e S
When an STR is selected for analysis, not only must the identity and num
of core repeats be defined, but the sequence of bases flanking the repeats Il
also be known. This knowledge allows commercial manufacturers of STR-0/R
kits to prepare the correct primers 0 delineate the STR segment to be ampli
by PCR. Figure 9-16 illustrates how appropriate primers are used to defin
region of DNA to be amplified. Also, a mix of different primers aimed at differ
" C’“- ki STRs will be used to simultaneously amplify a multitude of STRs (multiple
Wybg:tef% '4 B In fact, one STR kit on the commercial market can simultaneously make ¢
e ra 9. . . ,
e of 15 different STRs (sce Figure 9-17}.
See the 13 CODIS STRs! ( )
4nd Their Chromosomal
Positions ™7 B
wvﬁov.mgéﬂrniskitj‘éa?n -
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FIGURE 9-16 ;
Appropriate primers B
flanking the repeat units
of a DNA segment must
be selected and put in
place to initiate the

PCR process.
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FIGURE 9-17 ‘
STR profile for 15 lodi. ;
Courtesy H. Edward
Grotjan, Ph.D. z
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The 13 CODIS STRs are listed in Table 9-1 along with their probabilities of
identity. The probability of identity is a measure of the likelihood that two indi-

viduals selected at random will have an identical STR type. The smaller the value 1
. . . . L . .
of this probability, the more discriminating the STR. A high degiee of discrimi- [
nation and even individualization can be arrzined by analyzing a combination 1

of STRs (mulriplexing). Because STRs occur independently of each other, the i
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ptobability of biological evidence having a particular combination of STR types
is determined by the product of their frequency of occurrence in a population.
This combination is referred to as the product rule. Hence, the greater the number
of STRs characterized, the smaller the frequency of occurrence of the analyzed

sample in the general population.

The combination of the first three STRs shown in Table 9-1 eypically pro-
duces,a frequency of occurrence of about 1 in 5,000. A combination of the first
six STRs typically yields a frequency of occurrence in the range of 1 in two mil-
lion for the Caucasian population, and if the top nine STRs are derermined in
combination, this frequency declines to about 1 in one billion. The combination
of all 13 STRs shown in Table 91 typically produces {requencies of occurrence
that measure in the range of 1 in 575 trillion for Caucasian Americans and 1 in
900 trillion for African Americans. Importantly, several commercially available
kits allow forensic scientists to profile STRs in the kinds of combinations cited

here.
Table 9-1

The Thirteen CODIS STRs and Their Probability of Identities
STR African American U.S. Caucasian ~
D3S51358 0.094 0.075
vWA 0.063 0.062
FGA 0.033 0.036

\ THO1 0.109 0.081
TPOX 0.090 0.195
CSE1PO 0.081 0.112
Ds5S818 0.112 0.158
D13S317 0.136 0.085
D75820 0.080 (0.065
D8Ss1179 0.082 0.067
D218511 0.034 0.039
D18S51 0.029 0.028
D165539 ~0.070 0.089

Source: The Future of Forensic DNA Testing: Predictions of the Research and Development Wi

ing Group. Washington, D.C.; National Institute of Justice, Department of Justice, 2000, p. 41.

o /
MyCrimeKit: o Fo s SR i
WﬂgEﬁraﬁ? . The separation of STRs can typically be carried out on a flas gel-coated elect
Caiculate tﬁg@Frequéncy horetic pl described earlier. H h d d lysis time a
S Occurrehice of a phoretic plate, as described eariiet. owever, the need to se uce analy p
DNA Profile s me O automate sampling and data collection has led to the emergence of capts

AR ErriekitEor . . . .
Wi ryEsriekitEom s electrophoresis as the preferred technology for characterization of STRs. Capﬂ

st

electrophoresis is carried out in a thin glass column rather than on the surface
a coated-glass plate.

As illuserated in Figure 9-18, each end of the column is immersed in 4
voir of buffer liquid that also holds electrodes (coated with platinum) to sup
high-voltage energy. The column is coated with a gel polymer, and the D
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DNA is injected
: into capillary
column
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STR fragments
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1ple solution is injected into one end of the column with a syringe.
then move through the column under the influence of an
d that is related to the length of the STR fragmenss.
d of the column is connected to a detector that tracks the separated
from the column. As the DNA peaks pass through the

T

e
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FIGURE ¢-18

Capillary electrophoresis
technology has evolved
from the traditional flat
gel elecirophoresis ap-
proach. The separation of
DNA segments is carried
out on the interior wall

of a glass capiltary tube
coated with a gel poly-
mer and kept at a con-
stant voltage. The size

of the DNA fragments
determines the speed at
which they move through
the column. This figure
itlustrates the separation
of three sets of STRs
(triplexing).

Voitage supply

Detector tracks separated STRs
as they emerge from column

Py
vhoid

Electropherogram
recorder shows
separation paitern
of STRs
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amelogenin gene
A genetic locus useful
for determining sex

%

Y-5TRs

Short tandem repeats
located on the human
Y chromoscme
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Manufacturers of commercial STR kits typically used by crime laboratories pro-
vide one additional piece of useful information along with STR types: the sex of
the DNA contributor. The focus of attention here is the amelogenin gene located
on both the X and Y chromosomes. This gene, which is actually the gene for
tooth pailp, has an interesting characteristic in that it is shorter by six bases in the
¥ chromosome than in the Y chromosorme. Hence, when the amelogenin gene is
amplified by PCR and separated by electrophoresis, males, who havean XandaY
chromosome, show two bands; females, who have two X chromosomes, have just
one band. Typically, these results are obtained in conjunction with STR types.
Another tool in the arsenat of the DNA analyst is the ability to type STRs
located on the Y chromosome. The Y chromosome is male specific and is always
paired with the X chromosome. More than:20 different Y-$TR markers have been
identified, and a commercial kit allows for the characterization of 17 Y chromo-
some STRs. When can it be advantageous to seek out Y-STR types? Generally,
V.STRs are useful for analyzing blood, saliva, or a vaginal swab that is a mix
originating from more than one male. For example, Y-STRs prove useful when
multiple males are involved in a sexual assault.
Keep in mind that STR types derived from the Y chromosome originate

only from this single male chromosome. A female subject, or one with an XX
chromosome pattern, does not contribute any DNA information. Also, unlike an;'
conventional STR analysis that is derived from two chromosomes and typically
shows two bands or peaks, a Y-STR has only one band or peak for each STR;
type.
For example, the traditional STR DNA pattern may prove io be overly com
Jex in the case of a vaginal swab containing the semen of two males. Each ST
type would be expected to show four bands, two from each male. Also complicat
ing the appearance of the DNA profile may be the presence of DNA from ski
cells emanating from the walls of the vagina. In this circumstance, homing in o
the Y chromosome greatly simplifies the appearance and interpretation of the’
DNA profile. Thus, when presented with a DNA mixture of two males and ont
ferale, each STR type would be expected to show six bands. However, the sam
mixture subjected to Y-STR analysis would show only two bands (one band fo

each male) for each Y-STR type.

STR DNA typing has become an essential and basic investigative toel in the"l'ﬂ'
enforcement community. The technology has progressed at a rapid rate and.
only a few years has surmounted numerous legal challenges to become vital;
dence for resolving violent crimes and sex offenses. DNA evidence is imp
implicating the guiley and exonerating the innocent. :

Significantly, about 25 percent of the DNA examinations conductt?d
the FBI Laboratory since 1989 have excluded suspects identified by poli€
the source of DNA evidence collected from the crime scene. In a numbe
well-publicized cases, DNA evidence has exonerated individuals who have
wrongly convicted and imprisoned. The importance of DNA analyses in ¢!
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i vations has also placed added burdens on crime laboratories to umprove 3
4 alicy-assurance procedures and to ensure the correctness of their results.
al well-publicized instances, the accuracy of DNA tests conducred by

nihent»fullded laboratories has beén called into question.

ick Review . )

s are locations on the chromosome that coptain short sequences that
peat hemselves within the DNA molecule. They serve as useful markers
- jentification because they are found in great abundance throughout the

man genome.

¢ entire strand of an STR is very shott, less than 450 bases long. This makes
STRs much less susceptible w degradation, and they are often recovered from
‘Bodies or stains that have been subjected to extreme decomposition.

1 e more STRs one can characterize, the smaller the percentage of the pop-
larion from which a particular combination of STRs can emanate. This
‘gives rise to the concept of multiplexing, in which the forensic scientist can
“simultaneously extract and amplify a combination of different STRs.

. With STR, as liccle as 125 picograms of DNA s required for analysis—1/100.
he amount normally required for RELP analysis.
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“Typically, when one describes DNA in the context of a criminal investigation, the
 subject is assumed to be the DNA in the nucleus of a cell. Actually, a human cell
* contains two types of DNA—nuclear and mitochondrial. The first constitutes
the 23 pairs of chromesomes in the nuclei of our cells. Each parent contributes
to the genetic makeup of these chromosomes. Mitochondrial DINA (mtDNA), 1
on the other hand, is found outside the nudleus of the cell and is inherited solely
from the mother. |

Mitachondria are cell structures found in all human cells (see Figure 9-19). mitochondria i
They are the power plants of the body, providing about 90 percent of the energy Small structures !

outside the nucleus 3
that supply energy
to the cell

that the body needs to function. A single mitochondrion contains several loops of
DNA, all of which are involved in energy generation. Eurther, because each cell in
- our bodies contains fhundreds to thousands of mitochondria, there are hundreds
to thousands of mcDNA copies in a human cell. This compares to just one set of
nuclear DNA located in that same cell.

Forensic scientists rely on mtDNA to identify a subject when nuclear DNA is
significantly degraded, such as in chareed remains, or when nuclear DNA may be
present in only very small quantiries (such as in a hair shaft). Interestingly, when i
authorities cannot obrain a reference sample from an individual who may be !
long deceased or missing, an mtDNA reference sample can be obtained from any :
maternally related relative. However, Al individuals of the same maternal lineage :
will be indistinguishable by mDNA analysis.

Although mtDNA analysis is significanty more sensicive than nuclear DNA ;
profiling, forensic analysis of mtDNA js more rigorous, time consuming, and Sl
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segquencing

A procedure used to
determine the order
of the base pairs that
constitute DNA

FIGURE 9-19 !
llustration of a human s
cell containing a nucleus -
and cell structures
involved in cell func-
tions within the cell’s
cytoplasm. Mitochondria
units in the shape of a
loop make the energy for
the cell. Courtesy Dorling
Kindersley Media Library

costly than nuclear DNA profiling. For this reason, only a handful of public
and private forensic laboratories receive evidence for mrDNA determination
The FBI Laboratory strictly limits the types of cases in which it will apply mtDNA
technology.

As was previously discussed, nuclear DNA is composed of a continuous linea
strand of nucleotides (4, C, G, and 1'). By contrast, miDNA is constructe
in a circular or loop configuration. Each loop contains enough A, C, (G, an
T (approximately 16,569 total nucleotides) to make up 37 genes involved
mitochondrial energy generation. -

Two regions of miDNA have been found o be highly variable in the huma
population. These two regions have been designated hypervariable region I (HVI
and hypervariable region 1T (F1V2), as shown in Fieure 9=20. As indicated prey)
ously, the process for analyzing HV1 and HV?2 is tedious. It involves generat
many copies of these DNA hypervariable regions by PCR and then determint
the order of the A—T—C—G bases constituting the hypervariable regions. T
process is known as sequencing. The FRI Laboratory, the Armed Forces D
Tdentification Laboratory, and other laboratories have collaborated to coti]
an mtDNA population database containing the base sequences from HVI™
HV2.

Once the sequences of the hypervariable regions from a case sampl
obtained, most laboratories simply report the number of times these sequt
appear in the mtDNA database maintained by the FBI. The mtDNA data
contains about five thousand sequences. This approach permits an assessm
how common or rare an observed mtDNA sequence is in the database.

Interestingly, many of the sequences that have been determined in €ase
are unique to the existing database, and many types are present at frequeﬂf‘e
no greater than 1 percent in the database. Thus it is often possible to demon




Mitochondrial DNA

how uncommon a particular mtDNA sequence is. However, even under the best
Cireumstances, mcDNA typing does not approach STR analysis in its discrimina-
tion power. Thus, mtDNA analysis is best reserved for samples for which nuclear
DNA typing is simply not possible.

. The first time mtDNA was admitred as evidence in a U.S. court was in 1996
in the case of State of Tennessee v. Pasl Ware. Here, mtDNA was used to link two
- hairs recovered from the crime scene to the defendant. Interestingly, in this case,
blood and semen evidence was absent. Mitochondrial DNA analysis also plays a
key role in the identification of human remains. An abundant amount of mtDNA

is generally found in skeleral remains. Importantly, mtDNA reference samples are
available from family members sharing the same mother, grandmother, great-

grandmother, and so on.

One of the most publicized cases performed on human remains was the iden-
tification of the individual buried in the tomb of the Vietnam War's unknown
soldier. The remains lying in the tomb were believed to belong to First Lt. Michael
J. Blasste, whose A-37 warplane was shot down near An Loc, South Vietnam, in
1972. In 1984, the U.S. Army Central Identification Laboratory failed to identify
the remains by physical characreristics, personal artifacts, or blood-typing results
from hairs, The remains were subsequencly placed in the romb. In 1998, at the
insistence of the Blassie family, the remains were disinterred for mtDNA analysis,
and the results were compared to references from seven families thought to be
associated with the case. The remains in the tomb were subsequently analyzed
and confirmed to be consistent with DNA from L. Blassic’s family.
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FIGURE 9-20 Every cell
in the body contains hun-
dreds of mitochondria,
which provide energy to
the cell. Each mitechon-
drion contains numerous
copies of DNA shaped

in the form of a loop.
Distinctive differences
between individuals in
their mitochondrial DNA
makeup are found in two
specific seqments of the
control region on the
DNA loop known as HV1
and HVZ2.
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2%4  Chapter9

- Quick Review ' k]
o Mitochondrial DNA is located outside the cell’s nucleus and is inherited %
from the mother.
i e Two regions of mitochondrial DNA, HV1 and HV?2, are sequenced for fo-
re'nsic typlug purposes. ;
Al coe L\{{Litochondrial DNA typing does not approach STR analysis in its discrimi-
Al nation power and thus is best reserved for samples, such as hair, for which -
: STR analysis may not be possible. X

—r

o e

Perhaps the most significant investigative tool to arise from a DNA-typing pro-
gram is CODIS (Combined DNA Index System), a compuier sofcware program
developed by the FBI that maintains local, state, and national databases of DNA
profiles from convicted offenders, unsolved crime-scene evidence, arrestees, and
profiles of missing people. CODIS allows crime laboratories to compare DNA
types recovered from crime-scene cvidence to those of convicted sex offenders and
other convicted criminals, This capability is of tremendous value to investigators
in cases in which the police have not heen able to identify a suspect. All 50 states
have legistatively mandated collection of DNA samples from convicted offenders
of particular crimes and establishment of DNA darabases for law enforcement
pUrposes. Thousands of CODIS matches have linked serial crimes to each other
and have solved crimes by allowing investigators to match crime-scene evidence
16 known convicted offenders. The CODIS concept has already had a significan ]
impact on police investigations in various states, as shown by the following case

Currently, more than 170 public law enforcement laboratories across the
United States participate in CODIS. In addition, CODIS is used by more tha
40 law enforcement laboratories in more than 25 countries for their own DNA
database inquiries. As previousiy mentioned, state laws now require the acqui$
tion of DNA profiles from all convicted offenders. These profiles are continually
added to state and national DNA data banks and have proven to be invaluable
investigative resources for law enforcement. CODIS has produced more than

95,000 hits.

Quick Review
e CODIS is a computer software program developed by the FBI thac:m
cains local, state, and national databases of DNA profiles from ¢
offenders, unsolved crime-scene evidence, and profiles of missing peo
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Il of 1979, 2 61-year-old patient wandered
“m a U.S. Depariment of Veterans Affairs

- edical facility. Despite an extensive search, au-

< never located the missing man. Meore than
rs later, a dog discovered a human skull in a

99. The laboratory determined that the mitochon-

ration

Collection and Preser

Since the early 1990s, the advent of DNA profiling has vaulted biological crime-
scene evidence to a stature of importance that is eclipsed only by the fingerprint.
In fact, che high sensitivity of DINA determinations has even changed the way
. police investigators define biological evidence.

Just how sensitive is STR profiling? Forensic analysts using currently accepted
~ protocols can reach sensitivity levels as low as 125 picograms. Tnteresringly, a

human cell has an estimated 7 picograms of DNA, which means that only 18

DNA-bearing cells are needed to obtain an STR profile. However, modifications
in the technology can readily extend the level of detection down 1o 9 cells. A
quantity of DNA that is below the normal level of detection is defined as a low
copy number. Wich this technology in hand, the horizon of the criminal investi-
gator extends beyond the traditional dried blood or semen stain to include stamps
and envelopes licked with saliva, a cup or can that has touched a person’s lips,
chewing gum, the sweat band of a hat, ora bedsheet contalning dead skin cells.
Likewise, skin or epithelial cells transferred onto the surface of a weapon, the
interior of a glove, or a pen have yielded DNA resuls.’ .

The phenomenon of transferring DNA via skin cells onto the surface of an
object has come to be called touch DNA. Again, keep in mind that, in theory, only
18 skin cells deposited on an object are required to obrain a DNA profile.

drial DNA profile from the missing patient’s brother
matched the mitochondrial DNA profile from the
recovered skull and provided the information to the
local medical examiner, Subseguently, the remains
were declared to be those of the missing patient and

d area near the facility. DNA Analysis Unit 1l of returned to the family for burial.
£3) Laboratory received the case in the winter of Source: FBi Law Enforcement Bulletin 78 (2002): 21.

picogram
One-trillionth

of a gram, or
0.000000000001 gram

low copy number
Fewer than 18
DNA-bearing cells

epithelial ceils
The outer layer of
skin cells

touch DA

DNA from skin cells
transferred onto the
surface of an object
by simple contact




Case Files

Cold-Hit Identification

In 1990, a series of attacks on elderly victims were
committed in Goldsboro, North Cardlina, by an
unknown individual dubbed the Night Stalker. Dur-
ing one such attack in March, an elderly woman was
brutally raped and almost murdered. Her daughter's
early arrival home saved the woman’s life. The suspect
fled, leaving behind matetials intended to burn the
residence and the victim in an attempt to conceal

the crime.

In July 1990, another elderly woman was raped and
murdered in her home. Three months later, a third
elderly woman was raped and stabbed to death. Her
husband was also murdered. Although their house
was set alight in an attempt to cover up the crime,
fire and rescue personnel pulled the bodies from the
house before it was enguifed in flames. DNA analysis
of biologicat evidence collected from vaginal swabs
from the three rape victims enabled authorities to

- conclude that the same perpetrator had committed all
three crimes. However, there was no suspect.

The ultimate sensitivity goal in forensic DNA analysis is profiling DN
exiracted from one human cell. Such an accomplishment seems close to fruiti
Researchers have reported obraining STR profiles from one or two cells and ha
profiled DNA from single dermal ridge fingerprints.* Although if's prema
to imply that this technology, or a comparable one, is eligible for admissio
criminal trials, one cannot exclude its use in criminal and forensic intelhigen
investigations (see Figure 9-21). Table 9-2 illustrates the power of DNA a5

More than ten years after these crimes were commit-
ted, law éhfbrceh%@_nt authorities retested the biologi-
cal evidence from all three cases using newer DNA
technology and entered the DNA profiles into North
Carolina’s DNA database. The DNA profile developed
from the crime-scene evidence was compared to
thousands of convicted-offender profiles already in
the database. '

In April 2001, a ’_’(:bld hit” was made with an indi-
vidual in the convicted-offender DNA database. The
perpetrator had been convicted of shooting into an
occupied dwelling, an offense that requires inclusion
in?c_he North Carolina DNA database. The suspect was
brought into custody for questioning and was served
with a search warrant to obtain a sample of his blood.
That sample was analyzed and compared to the
crime-scene evidence, confirming the DNA daiabase
match. When confronted with the DNA evidence, the
suspect confessed to all three crimes. o
Source: National Institute of Justice, “Using DNA to Salve
Cold Cases,” NIJ special report, 2002, http://www.ojp.usdoj
gov/nii/pubs_sum/194197.htm. - f

creator of physical evidence.

I
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FIGURE 2-21
A criminalist inspects
and extracts DNA from

-~ Evidence

Corbis
Table 9-2
Location and Sources of DNA at Crime Scenes
Possible Location of DNA
on the Evidence Source of DNA

Baseball bat or similar weapon

Hat, bandanna, or mask
i FEyeglasses

Facial tissue, cotton swab

Dirty tauadry

Toothpick

Used cigavette

Stamp or envelope

Tape or ligature

Botde, can, or glass

Used condom

Blanket, pillow, sheet
“Through and through” bullet
Bite mark

Fingernail, partial fingernail

Handle, end
Inside

Nose or ear pleces, lens

Surface area

Surface area

Tips

Cigarette butt

Licked area
Inside/outside surface
Sides, mouthpiece
Insidefoutside surface
Surface area

Outside surface

Person’s skin or clothing

Scrapings

Source: National Institute of Justice, U.S. Department of Justice.

Sweat, skin, blood, tissue

Sweat, hair, dandruff

Sweat, skin

Mucus, blood, sweat, semen,
ear wax

Blood, sweat, semen

Saliva

Saliva

Saliva

Skin, sweat

Saliva, sweat

Semen, vaginal or rectal cells

Sweat, hair, semen, urine, saliva -

Blood, tissue

Saliva

Blood, sweat, tissue

crime scene evidence at a
DNA crime lab. Courtesy
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340 Chapter?

substrate control

An unstained object
adjacent to an area on
which biclogical mate-
rial has been deposited

Before investigators become enamored with the wonders of DNA, they should
first realize that the crime scene must be treated in the traditional manner. Before
the collection of evidence begins, biological evidence should be photographed
close up and its location relative to the entire crime scene recorded through notes,
sketches, and photographs. [f the shape and position of bloodstains may provide
information about the circumstances of the crime, an expert must immediately
evaluate the blood evidence. The significance of the position and shape of blood-
stains can best be ascertained when the expert has an on-site overview of the
entire crime scene and can better reconstruct the movement of che individuals
involved. The blood pattern should not be disturbed before this phase of the
investigation is completed.

The evidence collector must handle ail body fluids and biclogically stained
materials with a minimum of personal contact. All body fluids must be assumed
to be infectious; hence, wearing disposable latex gloves while handling the evi-
dence is required. Latex gloves also significanty reduce the possibility that the
evidence collector will contaminate the evidence. These gloves should be changed *
frequently during the evidence-collection phase of the investigation. Safety
considerations and avoidance of contamination also call for the wearing of fac
masks, shoe covers, and possibly coveralls.

Blood has great evidential value when a transfer between a victim and suspec
can be demonstrated. For this reasomn, all clothing from both victim and suspec
should be collected and sent to the laboratory for examination. This procedur
must be followed even when the presence of blood on a garment does not appea
obvious to the investigator. Laboratory search procedures are far more revealin
and sensitive than any that can be conducted at the crime scene. In addition
biood should also be searched for in less-than-obvious places. For example, th
criminal may have wiped his or her hands on materials not readily apparent to th
investigator. Investigators should look for towels, handkerchiefs, or rags that ma
have been used and then hidden and should also examine floor cracks or oth

crevices that may have trapped blood.

Biological evidence should not be packaged in plastic or airtight containers, b
cause accumulation of residual moisture could contribute to the growth of DN
destroying bacteria and fungi. Each stained article should be packaged separd
in a paper bagora well-ventilated box. If feasible, the entire stained asticle sh
be packaged and submitted for examination. If this is not possible, dried bloo
best removed from a surface with a sterile cotton-tipped swab lightly moisten
with distilled water from a dropper bottle.

A portion of the unstained surface material near the recovered stain must !
wise be removed or swabbed and placed in a separate package. This is knowi:
substrate control. The forensic examiner may use the substrate swab to €00
chat the results of the tests performed were brought about by the stain an
by the material on which it was deposited. However, this practice is pormd Y
necessary when DNA determinations are carried out in the laboratory- OnePp
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al: the collecred swabs must not be packaged in a wet state. After collec-
wab must be air-dried for approximarely five to ten minutes. Then it is

place ‘r in a swab box (see Figure 9.27), which has a circular hole to allow

fifatio

a. The swab box can then be placed in a paper or manila envelope.

FIGURE 9-22
Air-dried swabs are
placed in a swab box
for delivery to the
{orensic laboratory.
Courtesy Tri-Tech,
Inc., Southport, N.C.,
www.tritechusa.com

" All packages containing biological evidence should be refrigerated or scored
in 2 cool location out of direct sunlight until delivery to the faboratory. However,
one common exception is blood mixed with soil. Microbes present in soil rapidly
degrade DNA. Therefore, blood in soil must be stored in a clean glass or plastic
container and immediarely frozen.

Biological evidence artains its full forensic value only when an analyst can com-
pare each of its DNA types to known DNA samples collected from victims and
suspects. For this purpose, at least 7 milliliters of whole blood should be drawn
from individuals by a qualified medical person. The blood sample should be col-
lected in a sterile vacuum tube containing the preservative EDTA (ethylenedi-
amine tetraacetic acid). In addition to serving as a preservative, EDTA inhibits
the activity of enzymes that degrade DNA. The tubes must be kept refrigerated
(not frozen) while awaiting rransportation to the laboratory.

In addition to blood, other options exist for obtaining standard/reference
DNA specimens. The least intrusive method for obtaining a DNA scandard/
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reference, one that nonmedical personnel can readily use, 1s the buceal swab. A

swab is placed in the subject’s mouth and the inside of the cheek is vigorously

buccal cells swabbed, resulting in the transfer of buecal cells onto the swab.
; Celis from the inner With the increasing need for collection and analysis of DNA samples in
: cheek lining

forensic investigations, long-ierm storage of DNA has become an important con-

sideration. FTA paper is a type of commercially available filter paper on which
3k _ DNA-containing specimens are placed. The card is fixed with bacteriocidal and
1% ' fungicidal materials that will protect the DNA from microbial and environmental
| degradation. The card allows the entrapped DNA to be stored without refrigera-

rion for many years. Figure 9-23 illustrates the collection of a buccal swab and its
transfer onto an FTA card for storage.

FIGURE 9-23

(a} A buccal swab is
collected by rubbing
each cheek for 15
seconds. {b) A protec-
tive film is peeled of the
ETA card. [c) The swab is
snapped in place against
the FTA paper. (d) The
ETA card is removed
{rom the collection
device and stored.
Courtesy GE Health-
care Bio-Sciences Corp.
(GEHC) Piscataway, N.J.,
www,whatman.com
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idual is not available 1o give a DNA standard/reference sample,
iiteresting Algernatives are available, including a roothbrush, combs and
;&ghes, 4 razor, soiled laundry, used cigarette butts, and earplugs. Any of
se-l brps may contain a sufficient quantity of DNA for typing. Interestingly, as
. rors worked to identify the remains of victims of the World Trade Center
__t:)n Septembcr 11, 2001, the families of the missing were asked to supply
New York City DNA Laboratory with these types of items in an effort to
4 4 DNA with human remains,

f:a_n. 9 div

ich recovere

One.key concern during the collection of a DNA-containing specimen is con-
ami'nation. Contamination can occur by introducing foreign DNA through
oughing or sneezing ONTo a stain during the collection process, or there can be
transter of DNA when items of evidence are incorrectly placed in contact with
1y other during packaging. Forrunately, an examination of DINA bhand patterns
& o p oo )

i the laboratory readily reveals the presence of contamination. For example, with
n STR, one will expect to see a rwo-band pattern. More than two bands suggests
mixture of DNA from more than one source.

Crime-scene investigators can take some relatively simple steps to minimize

5 ¥ P p

intamination of biological evidence:

1. Change gloves before handling each new piece of evidence.

2. Collect a substrate control for possible subsequent laboratory
examination.
8. Pick up small items of evidence such as cigarette butts and

stamps with clean forceps. Disposable forceps are to be used
so that they can be discarded after a single evidence collection.

4. Always package each item of evidence in its own well-ventilated
container.

A common occurrence at Crime scenes is to suspect the presence of blood, but
not be able to observe any with the naked eye. In these situations, the common
test of choice is luminol (discussed in Chapter 8). Interestingly, lumino! does not
inhibit the ability to detect and characterize STRs.” Therefore, luminol can be
used 1o locate traces of blood and areas that have been washed nearly free of blood

without compromising the potential for DNA typing.

DNA: The Indispensable Forensic Tool 343
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Case Files

Contact Lens Evidence

A woman alleged that she had been held against
her will and sexually assaulted by a'male friend in an
ipartment. During the course of the assault, a contact
lens was knocked from the victim's eye. After the as-
sault, she escaped, but because she was afraid of the
threats made by her attacker, she did not report the
assault to the police for three days. When the police
examined the apartment, they noted that it had been
thoroughly cleaned. A vacuum cleaner bag was seized
for examination, and several pieces of material re-
sembling fragments of a contact lens were discovered

within the bag.

STR Locus

0351358 15,18
FGA 24,25
VWA 1717
THOM 6,7
F13A1 5,6
fes/fps 11,12
055818 11,12
D135317 11,12
D75820 10,12

Canadian Society of Forensic Science Journal 32 {1999): 67.

Victim's DNA Type

Source: R. A. Wickenheiser and R. M. Jobin, “Comparisan of DNA Recovered from a Contact Lens Using PCR

In the laboratory, approximately 20 nanograms of
human DNA was recovered from the contact lens
fragments. Cells from both the eyeball and the interior
of the eyelids are naturally replaced every 6 ic 24
hours. Therefore, both are potential sources for the
DNA found. The DNA profile originating from the
fragments matched the victim, thus corroborating the
victim’s account of the crime. The estimated popula-
tion frequency of occurrence for the nine matching
STRs are approxiﬁately 1 in 850 million. The suspect
subsequently pleaded guilty to the offense.

Contact Lens
15,18

24,25

1717

6,7

5,6

11,12

11,12

1112

10,12

DNA Typing,”




ic Review )
cal evidence should not be packaged in plastic or airtight contain-
ause the accumulation of residual moisture could contribute to the
' of blood-destroying bacteria and fungi. Each article should be pack-
separately in 2 paper bag orin a well-ventilated box.

+st intrusive method for obtaining a DNA standard/reference is the
uccal swab. In this procedure, cotton swabs are placed in the subjects
th and the inside of the cheek is v';gorousiy swabbed, resulting in the
fer of cells from the inner cheek lining onto the swab.
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ant DNA isa process by whu:h the DNA ofan orgamsm is alt

g LI‘ltD it fragments of DNA ﬁom another organism.

S asseciated w1th relatwely long repeatmg DINA str
hlS’[IlS (RPLPs)—formed t

'not be’ apphed to RFLP DNA typing bedius
in Y_‘he th()usands of bases. PCR: :
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_ rrands terid to break apart under the adverse conditions ac
e scenes, The shorter DNA strands used in PCR are more stable
bject to degradation caused by adverse environmental conditions.

R :';_fﬁ:.;w . B
locations onthe chromosome that contain short sequences that

emsclves within; the DNA molecule. They serve as useful markers
ification because they are found in great abundance throughout the

Vgehotfle.-'; .

"t;ré,-_:gt_rgn_:c_i of an'STR is very short, less than 450 bases long, This makes _ 77 o -_ . -
Refiinch less susceptible to degradation, and they are often recovered from .

ieor éﬁains that have been subjected to extreme decompoasition.

ére STRs one can characterize, the smaller the percentage of the pop-
from. which a particular combinartion of STRs can emanate. | his
¢ .to the concept of multiplexing, in which the forensic sclentist can

si altaneously é}_&f;ajc‘_t and amplify a combination of different STRs.

th STR, as litd_é as125 picograms of DNA is required for analysis—1/100
¢ amount normally required for RELP analysis.

oy
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itochondrial DNA is located ourside the cell’s nucleus and is inherited

from the mother. _

Two regions of mitochondrial DNA, HV1 and HV2, are sequénced for fo-

rensic typing putrposes. ‘

Mitochondrial DNA typing does not approach STR analysis 1n its discrimi-
'f{atiqn power and thus is best reserved for samples; such as hair, for which .

TR analysis may not be possible.

ODIS is a computer software program developed by the PBI that main--
ns local, state, and national databases of DNA_prbﬁles from con_vi'ctéd
ffenders, unsolved crime-scene evidence, and pr’oﬁl'es' of missing people.

iological evidence should not be packaged in plastic or airtight contain-
ﬁ‘ter's' because the accumulation of residual moisture could contribute to the
.. giowth of blood-destroying bacteria and fungi. Fach article should be pack-
aged separately in a paper bag orina well-ventilared box.

-.® The least intrusive method for obtaining a DNA standard/reference is the
buccal swab. In this procedure, cotton swabs are placed in the subject’s
mouth and the inside of the cheek is vigorously swabbed, resulting in the
wansfer of cells from the inner cheek lining onto the swab. L




Review Questions

1. N w'tecﬁnblogy'ingorpofating
@ PCR ol i
< b STR G o
el mtDNA T
. dfCoDIS- -0

has suppianted RFLP.

T

3. A/An_ - _is composéd ,,a.'stlgar molecule, a phosphorus-containing group,
“and.a base . I
a. amino acid
b, protein ‘-
¢. chromosomes
" d. nucleotide

DNA {5 the synthesis of new DNA from existing DNA
‘and begins with the unwinding of the DNA strands in the double helix.

_a. transcription . :
‘b. translation I

" ¢. replication

d. cloning

- 4." The pairing of nucleotides A to G and Cto Tis known as
- a. mitochondrial DNA.

'b. complementary base pairing.

c. polymerase chain reaction.

d. tandem repeats.

ritable traits that are controlled by DNA arise out of its ability to dires
from _

Asthe fundamental unit of heredity, genes instruct the body'
s that determine everything from hair color to susceptibili

q_r_{Egl'ge"'D,NA,tethnology is useful in identification because no ™

o1 identical twins, have the same type of tandern re

jatest, most successful and widely used DNA pri_)fih
andem repeats. -

; rue'or Filse ,Ml-jtochoharial DNA is found outside the niJ"cleus'Zaf tl

s DNA and why is it important to forensic scientists?

_ e 'gfér)gs and what is their function? Of what are genes comp
are'they located? 7 ¥




Ful to forensic scientists?

What is recombman- DNA? How is recombinant DNA technology used to
treat diabetes?

20 What are tandem repergig:si'? How are they-useful to forensic scientists?

21. What is a short tandem repeat (STR)? Why are STRs 50 attractive 10 forensm
scientists?

Name two processes by which a forensic scientist can separate STRs for char-

acterization. Which process is preferred and why?

. What type of packaging should not be used for biological evidence? Why?
~ What type of packaging should be used instead for articles containing biclogi-
cal evidence?

38 “How should packages containing biological evidence be stored unti they are
delivered to z laboratory? Name cne common exception and descrlbe how- |t
should be stored.

29, List four ways to minimize contamination of biological evidence.
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he riicroscope
'MEthYFe_ne;blué stain

i

" Procedure: - -
... “An importzmt' part of obtaining ‘standard/refese

" DNA profile of any individuals iny Ivéd in the investigati
" is by a buccal swab. Take the swab provided by your teachetaid rub the inside o
" your check with ir. Next, sib the swab;on the slide and add a drop of methylene
“ blue stain; be careful not to ge the stain on you or anything but the slide. Plagea
and 'w?riew it under the microscope. .

', . COV"(_iI‘. slip on the slide

F@Ei@wﬁp Questions:

s were you able to see on your slide? Were you surprised by the

-1, How many cell
number you saw? ;

1./One way to do this

2 What on the slide was stained by the fﬁethylene blue?

fce of bases is iccated on one strand of a DNA molecul

Tbases that will form complementary pairs on the othe

olecule.

bédly decomposed body buried in an area where am
years before. The case was never solved, nor was th
“Svered. As the lead investigator, you suspect that #
“that of the victim. What is your main challenge in
fermine whether your suspicion is correct? Howwo
ing DNA technology to test'your theary?

ASIC scientist performing DNA typing on afglood?éamél'
jry. While performing an STR analysis or'the sample,3
ttern. What conclusion should you draw? Why?

worhan reports being mugged by a masked assailant, whom she sgfal
n the'aim during a brief struggle. The victim is not sure whether thé
ale or female. DNA analysts extract and amplify the ameloge™

irband b
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ithelial cells rider the victim's fingernails
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e
ch of the following item

rime scene you encounter ea
| sources of D

sweat, blood, and semen.

b of the victim. The sample is s&
ult shown here. The victim's am

elogenin DNA from the fingernail scrapi
draw about the attacker from this resu

NA. The five possible choices are sa
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‘found deep in'the woods near the missing.

TDNA from these remains was-extract%ﬁ, gmyiiﬁed, and

j51f1g, remains were
s house: 1
ved vl 5STR loci. Compare the resulting STR teatlour shown on
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Sm~the cell by ribonucleic acid (RNA). RNA s directly involvéd in the assembly of *.
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Instructions for assembling proteins are carried from DNA to another region of

the protein, using the genetic code it received from DNA.

Applied Biosysterris, 850 {incoln Centre Drive, Foster City, CA 94'40743 -..
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