41(1):32-46,2000

ReviEwW

Application of Forensc DNA Tegtingin the Legal System

Dragan Primorac, Moses S, Schanfield!, Damir Primorac?

Laboratory for Clinical and Forensic Genetics, Split University Hospital and School of Medicine, Solit, Croatia;
TAnalytical Genetic Tegting Center, Denver, Col, USA; and 2Municipal Court, Split, Croatia

DNA technology hastaken anirreplaceablepositioninthefield of theforensic sciences. Since 1985, when Peter Gill and Alex
Jeffreys first applied DNA technology to forensic problems, to the present, more than 50,000 cases worldwide have been
solved through the use of DNA based technology. Although the devel opment of DNA typing in forensic science hasbeen ex-
tremely rapid, today we are witnessing anew eraof DNA technology including automation and minieturization. In forensic
science, DNA analysishas become*the new form of scientific evidence” and has come under public scrutiny and the demand
to show competence. M oreand more courtsadmit the DNA based evidence. Webdievethat in the near futurethistechnology
will begenerdly accepted inthelegal system. Therearetwo main gpplicationsof DNA analysisinforenscmedicine: crimina
investigation and paternity testing. In thisarticlewe present background information on DNA, human genetics, and theappli-

cation of DNA analysisto legd problems, as well asthe commonly applied respective mathematics.
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After the discovery of DNA structure in 1953 (1),
the technological advancement in biomedical research
has allowed the identification, through the Human Ge-
nome Project, of more than 150,000 genes coded by ap-
proximately 3 billion base pairsof DNA that is contained
by the 23 pairs of somatic chromosomes.

For the vast mgjority of loci that code for a protein
there is only one form of a gene. This is because most
genes are not tol erant to mutations. Some genesare more
tolerant to mutations and may have more than one form
of agene, allelesof that particular gene. Loci with alleles
that occur relatively frequently are called polymorphic,
whereas those loci that do not have alleles are called
monomor phic. The genetic variation in blood groups, se-
rum proteins, and transplantation antigens at the protein
level reflects variation at the DNA level. Advances in
DNA technology have allowed detection of variation
(polymorphism) in specific DNA sequences.

Itisknown that the DNA sequences at many loci do
not codefor atrand ated gene. Theseloci are highly poly-
morphic due to the presence of multiple alleles repre-
sented by different numbers of repeated segments. These
repeated segmentsare referred to asvariable number tan-
dem repeatsor VNTRs(2-5). At any givenlocusthey can
differ by asfew as one repeat or have as many as a hun-
dred repeats. The most common method used to analyze
VNTRs is amplified fragment length polymorphism
(AFLP) (6,7). In some cases VNTR regions can cause
genetic diseases. Sometimes the repeat in a VNTR is
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three base pairs long, and codes for an amino acid in the
coding region of a protein, which is referred to as a
codon. If the number of repeats becomestoo largeit can
distort the protein, causing a genetic disease. Two of
these trinucleotide repeat diseases are X-linked mental
retardation (Fragile X) and Huntington’'s disease. Most
VNTR loci areintheregions of anonymous DNA, which
do not code for proteins or are in the introns, non-coding
parts of agene. Itisthese VNTR loci that are used in fo-
rensic analysis of samples. During forensic analysis one
or more loci are the particular interest of examination.
For most forensic DNA testing, the majority of loci
tested are within the 44 autosomes.

Analysis of the sex chromosomes is important if
gender determination is needed. For example, the Ame-
logenin (AMEL) gene has two forms. The X chromo-
some form of the gene contains asmall deletion (6bp) in
a non-trandated region of DNA, which produces a
shorter product when amplified by polymerase chain reac-
tion (PCR) than the same gene on the Y (ma€) chromo-
some.

Y chromosome can provide important information
if there is a question about identifying lineages from a
specific male. This is possible because the Y chromo-
some containshighly polymorphicregions(8). Human Y
chromosomeis present in norma males as asingle copy
that is paternally inherited and cannot recombine or rear-
range because thereis only one Y chromosome. In afo-
rensic analysis, theY chromosome can play an important
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role in sexual assault cases where more than one mae
has contributed to a mixture (9). These markers can also
bevery useful in paternity caseswherethechildismale.

Nomenclature

Prior to 1985, various groups of scientists met to
standardize the use of reagents and nomenclature. One of
themore noteworthy attempts are the regul ar meetings of
the transplantation community to standardize tissue typ-
ing reagentsfor purposes of transplantation. With the ad-
vent of the Human Genome Project and the wide scale
search and mapping of human genes it was necessary to
develop guidelines for how new genes would be identi-
fied and how old systemswould beincorporated. There-
sults from this discussion became the framework for
meetings to follow on human genetic nomenclature. The
system now referred to as the International System of
Gene Nomenclature or ISGN (1987) was the beginning
(10). Thiswasfollowed by specific recommendations of
the DNA Commission of the International Society for
Forensic Haemogeneticsrelating to the use of restriction
fragment length polymorphism (RFLP) and polymerase
chain reaction (PCR) (11,12). In general, all loci have
unique identifiers of 2-7 charactersin length that are all
in capital letters, for example, AMEL for the
Amelogenin locus. Phenotypes (i.e., the results of labo-
ratory tests) are presented as the locus name followed by
aspace and then the observed results (e.g., GYPA A). A
two band pattern is represented by the locus symbol, a
space and symbols of the aleles separated by a coma
(e.g., GYPA A,B). A genotype can only be determined
by combining the laboratory results with the pedigree
analysis of inheritancein afamily. It is easy to deduce a
heterozygote by the presence of two bands or dots. How-
ever, dueto the presence of mutations that can cause null
aleles, asingle band (dot) can be determined to be atrue
homozygote only by family study. Operationally, in most
casesasingle band pattern isahomozygote and istreated
as such. Genotypic results are presented as the locus
name followed by an asterix and the deduced results sep-
arated by a slash followed by the second asterix (e.g.,
GYPA*A/*B, GYPA*/*A). Genotype is always itali-
cized (GYPA* A/*B) or underlined if italics is not avail-
able (GYPA*/*A). For anonymous DNA segments, such
as D14S1, the following rules hold. The anonymous
DNA regionisidentified as D for aDNA segment. The
number represents the chromosome the anonymous
DNA isfoundon.“ S’ indicatesthat it isasingle copy re-
gion that only occurs once in the genome, and “Z” indi-
catesthat it has multiple locations. The number indicates
the order in which it was reported as a DNA marker for
that chromosome. For D14S1, it is a DNA segment on
chromosome 14, a single copy, and the first marker
found on Chromosome 14. This example is the first re-
ported hypervariable RFLP (13). The previously stated
guidelines require the use of phenotypes when present-
ing DNA results.

For DNA polymorphisms the following standards
are in force. Only phenotypes are presented. Alleles or
band sizes are aways reported from the smallest to the
largest, for example: 10, 15, 17 or 2.33, 3.56 kb. Hetero-
zygous phenotypes are always separated by a comma

without aspace. Single band patterns, whether for RFLP
or PCR based systems, are reported as a single band phe-
notype, i.e., 3.56 or 12, and not as a genotype.

Mitochondrial DNA

Mitochondrial DNA (mtDNA) is another source of
DNA of forensicinterest. The mitochondriacontain mul-
tiple copies of mtDNA, where 22 genes encode transfer
RNA (tRNA), two encode ribosomal RNAs (12S, 16S
RNA), and 13 encode protein enzymes involved in the
electron transport chain of oxidative phosphorylation
and ATP production (14). ThemtDNA is 16,569 bp long,
circular, and without any intron sequences. Two
non-coding hypervariable regions are of particular inter-
est for forensic analysis: HV1 and HV 2. Unlike nuclear
DNA, the mitochondria and their DNA originate in the
cytoplasm of the egg that formed the zygote and are
therefore of materna origin. Thus, mtDNA ismaternally
inherited, and represents the female ancestry of an indi-
vidual. Further, mtDNA in agiven cell may bepresentin
thousands copies, compared with only two copies of nu-
clear DNA. SincemtDNA molecul esreplicate independ-
ently of one another, unlike nuclear chromosomeswhich
pair before replication, there is no mechanism by which
MtDNA can undergo recombination. The only source of
variation in mtDNA is mutations that change the base
pair sequence of the mtDNA. The fact that mtDNA is
maternally inherited precludes an individual from being
heterozygous, making it useful in tracing maternal lin-
eages within families and populations. MtDNA is pri-
marily employed in forensic casework to test evidence
that does not contain a sufficient quantity or quality of
DNA for nuclear DNA testing, such as repatriated re-
mains from graves (15). MtDNA aso occurs in
non-nuclear tissues such as hair shafts. However, one of
the mgjor problemsinworking withmtDNA in hair isthe
presence of the two or more subpopulations of mtDNA
(heteroplasmy) within an individual. Heteroplasmy is
probably the result of a much higher error rate during
MtDNA replication than in nuclear DNA. It may be be-
cause mtDNA molecules are replicated independently of
one another and are not strictly tied to meiotic or mitotic
cell division. Since each cell contains a population of
MtDNA molecules, asingle cell can harbor some mole-
cules that have an mtDNA mutation and others than do
not. This phenomena may be responsible for a variable
expression of mitochondrial diseases as well. However,
it is possible that the number of mutant mtDNA mole-
cules may change through replicative segregation as
cells divide and as mitochondria proliferate. For the fo-
rensic purposes, heteroplasmy isimportant since it may
strengthen or complicate forensic identity testing. How-
ever, heteroplasmy represents an additional level of vari-
ation that in most cases can increase the power of
MtDNA testing. Further information about thisissue can
be found in an excellent article by Holland and Parson
(16). MtDNA plays an important role in the identifice-
tion of human remains, particularly skeletal, of decom-
posed bodies. One of the most famous cases that was
solved using this technology was identification of the
Tzar Nicholas |1, where it was confirmed that he had the
same heteroplasmy as the remains of his brother Georgij
Romanov, the Grand Duke of Russia (17).
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Methods of DNA AnalysisUsed in Forensic
Sciences

The most important step for any forensic analysisis
the collection and identification of evidence. If evidenceis
not properly documented, collected, packaged, and pre-
served, most likely thefinal datawill not be admissiblein
acourt of law.

Documentation of evidence should be thorough and
the person should follow al guidelines specialy devel-
oped for such purposes. All specimensfound should bela
beled with an item number, date, time, location, and collec-
tor'sname. If a case number is assigned, that too would
be added. An exhaustive description of the collection
and preservation of evidence for DNA testing can be
foundinLeeet a (18).

Restriction Fragment Length Polymor phisms

The first method to be applied in forensic DNA
analysis was restriction fragment length polymorphisms
(RFLP), where DNA is digested with restriction
endonucleases, the fragments separated by electrophore-
Sis on an agarose medium, transferred to a nylon mem-
brane and detected by hybridization with either aradio-
active or chemiluminescent probe (19-21). Two main
types of DNA polymorphism are studied using RFLP
technology: single base changes and minisatellite
VNTRs loci. Analysis of the single-base polymorphism
has only limited value in forensic DNA identification
since there are limited numbers of aleles with these
changes and limited numbers of useful loci. However,
since the mid 1980s, the most common method used in
forensic DNA anaysis has been RFLP analysis of
VNTR minisatelliteloci. Theseloci vary inlength dueto
thevariation in the number of repeated DNA segments at
a specific locus. The VNTR loci used contain repeated
sequences that vary between 15 and 70 base pairs. Stan-
dardization of thetest systemsinforensic science hasled
to the use of the restriction enzyme Haelll in the United
States and the enzyme Hinfl in Europe, with other coun-
tries choosing one of the two systems. However, this
techniquerequiresarelatively largeamount of DNA,, itis
labor-intensive and lengthy, and in some locations re-
quires the use of radioactivity. An extensive review of
the application of RFLP technology and its forensic ap-
plications can be found in Waye (22).

Polymerase Chain Reaction

The polymerase chain reaction (PCR) is a method
where a certain region of DNA is copied (amplified),
producing at optimum a billion copies that are com-
pletely identical to the original. Thistechnology has sev-
era advantages over RFLP (21,23). It requires less
DNA, it is rapid (results are obtained often within 24
hours), and does not require radioactive isotopes. How-
ever, it hastwo possible disadvantages: the susceptibility
to contamination, and the fact that many of the PCR loci
have fewer aleles than minisatellite VNTRS. The first
forensically used PCR system detected the HLA-DQA1
locus, a region known to be part of the human
histocompatibility system. The kit was devel oped by the
Cetus Corporation (Emeryville, CA, USA) and marketed
by the Perkin Elmer Corporation (Norwalk, CT, USA).
The DQAL typing system relied on the probes to detect
variation in the DNA sequence that was previously de-
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tected using antibodies to proteins. The original system
had six alleles. When testing evidence, approximately
16% of the time two individuals in a case would be the
sametype, whichlead to aneed for additional PCR based
typing systems. Asinthe RFLP system, the original tests
were based on sequence variation. Researchers soon
found an abundant class of VNTR polymorphisms with
small repeats (2 to 9 repeats). Thisclassof VNTR loci is
referred to as short tandem repeats (STRs), or
microsatellite repeats to differentiate them from the
larger VNTRS detected by RFLP and some PCR based
typing systems called large tandem repeats (LTRS) or
minisatellites. The systems chosen for forensic testing
have primarily 4 bp (tetranucleotide) repeats that are re-
peated from 5 to approximately 50 times, depending on
the loci (24,25). These STRs are very small in size
(100-400 bp) and are very helpful in analyzing degraded
DNA, in comparison with RFLP bands that can vary in
length from 500 to 12,000 bps.

In the USA, 13 STR loci were chosen for use ina
national database of convicted offenders (26). This data-
baseisreferred to as the Combined DNA Indexing Sys-
tem, CODIS. It was originally limited to convicted sex
offenders but has been expanded in some jurisdictions.
The 13 CODIS loci were chosen to overlap other sets of
loci chosen by Forensic Science Services in the United
Kingdom for their national database and organizations
such as INTERPOL.

The new STR based typing systems have severd ad-
vantages. Thefirg isthat multiple loci are amplified smul-
taneoudy (multiplex reactions). The second is that these
test systems can be directly detected without the use of
probes. One primer from each set of primers has afluores-
cent label attached to it, such that the PCR multiplexes can
be detected using different wavelengths of light. This a-
lows simultaneous €l ectrophoresis and detection of eight to
ten loci a a time (27). Further, the use of fluorescence
makes the systems amenabl e to automated detection. Com-
mercial kitsare availableto go with the different automated
detection systems.

A review of basic PCR technology and STR PCR
technology and their application to forensic testing can
be found in refs. 26 and 28.

Genetics Rules and Statistical Considerations

Thedistribution (segregation) of parental genotypes
in offspring depends on the combination of the alelesin
the parents. In each case, they refer to agiven genelocus.

Mendelian Inheritance

Mendd’ s laws state the expected distribution of al-
lelesin the offspring of a specific mating. Mendelian in-
heritance consists of three laws:

1. The cross. If a homozygous A A father mates
with a homozygous B,B mother, all offspring must be
heterozygousfor aleles A and B; noted as A,B.

2. The intercross/segregation. If two heterozygous
A,B parentsmate, thefollowing genotypeswill occur: A A,
A,B and B,B at theratio of 1:2:1, respectively. Thislaw aso
dtates that the two members of a gene pair separate (segre-
gate) from each other during meiosis, with 50% of gametes
carrying one dlele (A) whereas 50% of gametes carry the
other dlele (B).
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3. Independent assortment. When the mating indi-
viduals have more than one segregating locus, they are
genetically unlinked, i.e., each locus segregates inde-
pendently. This law indicates that the separation of al-
Ieles at one locus during meiosis is independent of the
other (Fig. 1).

Rules of Parentage Testing

Mendel’ s laws are used to create four rules for par-
entage testing:

1. Thechild cannot have agenetic marker that is ab-
sent in both parents.

2. The child must inherit a pair of genetic markers
from each parent.

3. The child cannot have a pair of identical genetic
markers unless both parents have the marker.

4. The child must have the genetic marker that is
present as an identical pair independently in both par-
ents.

Hardy-Weinberg Equilibrium

Gregor Mendel described thebehavior of allelesina
mating. Similarly, the behavior of allelesin a population
was independently described by Hardy and Weinberg in
1908. The Hardy-Weinberg equilibrium indicates a pre-
dictable relationship between allele frequencies and ge-
notype frequencies at a single locus (29). Thus, the sum
(S) of 3dlelefrequencies(z,, z,, and z) is:

S=21212p7p23732217»-22123 223~
=212-2,2252-22125-22123-225Z3.

For example, if we supposethat alelesZ,, Z, and Z,
have frequencies or proportion of z;, z, and z, respec-
tively, then the frequencies for the homozygous geno-
typesZ,,Z,; Z,,Z, and Z,,Z, are, respectively, z,-z,, 2,2,
and z;-z; and the frequency of heterozygous genotypes
21,25, 21, Z5and Z,,Z; are 2-2,2,, 2:2,-Z3 and 2-2,-Z;.

If the Hardy-Weinberg equilibrium is correct, dlele
frequencies at a locus in a population are constant over
time. However, departures from Hardy-Weinberg equilib-
rium can occur for severd reasons:

1. sampling errors between generations due to a
small population size, referred to asrandom genetic drift;

2. inbreeding caused by the inter-rel atedness of par-
ents, referred to as non-random genetic drift and leading
to adecrease in heterozygosity;

3. migration of genes from one population to an-
other, which changes the frequencies and affect the
Hardy-Weinberg equilibrium until a new equilibrium is
reached;

AB AB

> >

C.D C.D

> >

I I I I I I I I
AA AA AA AB AB BB BB BB Bl,B

¢ b ¢D ¢Db DD CcC CD CD DD

Figure 1. An example of a mating of two parents heterozygous
for A and B dlelesat locus 1, and C and D at locus 2. Genotypes
resulting from this mating are: A C; ACD; AD; ABC; AB
CD;ABD;BC;BCD;andB D at theratio 1:2:1:2:4:2:1:2:1,
respectively.

4. mutation or changesin an inherited allele, which
affect dlele frequencies; and

5. natural selection, which canincreasethefrequency
of an allele over time. Children with this alele have a
higher chance of surviving than children with other al-
leles. Examples of this are G6PD deficiency or
thalassemiain areas with malaria.

Linkage Equilibrium

Linkage equilibrium is the concept that alleles on
independent loci will be dispersed in a population as a
multi-locus Hardy-Weinberg equilibrium. If loci are
close to each other on the same chromosome, they arein
genetic equilibrium. Although mixing populations can
reach HardyWeinberg equilibrium, genes on the same
chromosome reach equilibrium based on the genetic dis-
tance and the degree of recombination (rearrangement)
between the loci. On the other hand, if there is a mix of
two populations that have many different loci and their
aleles have markedly different frequencies, associated
aleles that are not genetically linked can be considered
to be in a statistical linkage disequilibrium. In practice,
this latter type of disequilibrium is difficult to demon-
strate at the population level. However, it is possible that
it can be demonstrated in specific individualsthat are re-
cently introduced into a popul ation.

DNA Evidencein the Court

Inthe USA, scientific evidencefdlsinto theream of
the expert witness as opposed to alay witness. A lay wit-
ness can only testify to things they have seen or in some
cases heard. An expert witness is alowed to express an
opinion, based on the knowledge and experience the ex-
pert possesses (30). Thisisgenerally considered to be out-
sidethe scope of knowledge of aregular or lay person. Ex-
pert witnesses can include individuals who received the
evidence as part of what is referred to as “chain of cus-
tody”, performed a specific test, such as a DNA test, or
have detailed theoretical knowledge about DNA or drug
testing. The fact that an expert did the testing does not
mean that evidence is automatically admitted. Normally
thereisarequirement to offer some proof that the presented
evidence is reiable and provides useful information.

Inthe USA, two major standards exist for deciding if
the scientific finding will be admitted into evidence: the
“general acceptance’ test and “ sound methodology” stan-
dard. For thefirst, the theory and methodology used must
be generaly accepted in the scientific community. How
difficult it is to apply this rule is shown by the case of
Kely vs. State, where, prior to admittingan RFLPVNTR
profile match, five experts had to answer a question asked
by adefense expert “|Is radioactive technology too new to
be generally accepted in the scientific community?’ (31).
The “sound methodology standard” allows a much
broader framework for deciding whether the proposed tes-
timony has sufficient scientific validity and reliability.

The Council of Europe, Committee of Ministers, on
February 10th, 1992, during the 470th meeting, pub-
lished the Recommendation No. 92 on the use of DNA
analysis within the framework of the crimina justice
system (32). Some of the most important recommenda-
tions are;
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1. Samples collected for DNA analysis and the in-
formation derived from such analysis for the purpose of
the investigation and prosecution of criminal offences
must not be used for other purposes. However, where the
individual from whom the samples have been taken so
wishes, the information can be given to him/her.

2. Samples collected from living persons for DNA
analysis for medical purposes, and the information de-
rived from such samples, may not be used for the pur-
poses of investigation and prosecution of criminal of-
fences unless in circumstances laid down expressly by
the domestic law.

3. Biological samples or other body tissues taken
fromindividualsfor DNA analysisshould not be kept af -
ter the rendering of the final decision in the case for
which they were used, unlessit is necessary for purposes
directly linked to those for which they were collected.

Croatian Criminal Law, Article 265, Section 5,
states that, during the pretrial phase, the court may re-
guest genetic analysis of the samples isolated from the
individual who issuspected to have committed acrimein
which the form of punishment is prison sentence (33).
Thislaw aso statesthat, after analysis, the data collected
may be retained for ten yearsif the person has been con-
victed of one of the following crimes. serious offences
against life, integrity and security of persons, and sexual
freedom. Here it isimportant to emphasize that the Min-
ister of Health determines all procedures for evidence
collection, storage, and analysis.

The use of DNA typing to identify human remains
in Croatia has led to the application of DNA analysisin
paternity and criminal cases. Since DNA technology was
introduced to the Split-Dalmatian County Municipal
courtsin 1994, morethan 100 requestsfor paternity iden-
tification have been received, out of which 76 cases have
beentested (2in 1994, 11in 1995, 17in 1996, 11in 1997,
7in 1998, and 28 in 1999). DNA analysis excluded 11
falsely accused alleged fathers.

Inthe past 6 years, DNA results have been admitted
into evidence in almost al courts in Croatia. Interest-
ingly, the paternity in one case was confirmed by the
analysis of DNA isolated from paraffin embedded tissue
that belonged to an aborted fetus. In all cases of falsely
accused men, the exclusion was made by analyzing more
than three alleles.

Thus far, the Laboratory for Clinical and Forensic
Genetics at University Hospital Split has analyzed more
than 150 samples from crimina cases. One of the first
crimina cases in Croatia where DNA technology was
successfully used was an explosion accident in military
barracks near Zagreb. Split Clinical and Forensic Genet-
ics Laboratory successfully tested more than 30 samples
from that event.

Pater nity (Parentage) Testing

The basic function of all forensic testing, whether
parentage testing or identification, isto exclude the max-
imum number of individuals possible. This is done in
parentage testing by identifying the obligate allele and
determining if the alleged or putative father has this al-
lele (for expository purposes the questioned father will
be called the alleged father) (34). The obligate alele is
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the allelethat had to comefrom the biological father. For
example, if a mother is type A,A and the child is type
A,B, thebiological father must have contributed the B al-
Iele to the child. Unless demonstrated to the contrary by
the violation of Mendelian inheritance, the mother isas-
sumed to be the mother of a child. If the alleged father
hasthe“B” alele as either ahomozygote (two B alleles)
or a heterozygote (one B alele), he cannot be excluded.
If the alleged father doesnot havethe“B” allele, hecould
not giveit to the child, and is therefore excluded. An ex-
ception to thiswould beif the mutation of A toB isrela
tively common. If themother istype A,B and the childis
A,B thenthe obligate allelesare A and B and the biol ogi-
cal father could contribute either an A or aB dlele. Any
alleged father that has A or B cannot be excluded. If,
however, the alleged father were type C,C or any other
non-A, non-B genotype he would be excluded. In this
case there would be two obligate alleles.

Mathematics and Paternity

If an alleged father is not excluded, the weight of
this evidence toward paternity can be calculated. The
weight of the evidenceistherelative chance that the al-
leged father gave the child the obligate allele when
compared to an unrelated individual in the population.
The relative chance of the alleged father transmitting
the obligate allele versus an unrelated individual in the
population is referred to as the System or Paternity In-
dex (S or PI). The System or Paternity Index isa*like-
lihoodratio”, i.e., theratio of the chancethat the alleged
father versusthe population gave agene. Mendd’ slaws
determine the likelihood or chance that the alleged fa-
ther can give the obligate alele. If the father is either
homozygous for the obligate allele or has both obligate
aleles, hislikelihood of transmitting the obligate allele
is1.0(2/2). If thealleged father hasonly one copy of the
obligate allele, or only one of the two obligate alleles,
his likelihood of transmitting the obligate allele(s) will
be 0.5 (1/2). The Sl or PI for agiven locusisthe likeli-
hood that the alleged father can transmit the allele di-
vided by the frequency of the obligate allele(s). Thus,
Sl or Pl will be either 1/p or 0.5/p, depending on the
number of obligate alleles the alleged father has. If
therearetwo obligate alleles as determined by the types
of the mother and child, p will be calculated using the
formula p=p,+p,, and SI will be 1/(p,+p,) or 0.5/
(py*p,). Sl iscalculated for each locus that was tested.
The rules of probability theory determine how Sls are
combined to determine the combined likelihood of pa-
ternity. Thisis called either the Paternity Index (P1) if
the term Sl is used, or the Combined Paternity Index
(CPI) if theterm Pl is used.

Paternity Index or Combined Paternity Index

The rules of combining probabilities are quite sim-
ple. If oneisinterested in the combined probability of the
characteristics A and B and C, then theindividual proba-
bility of A and B and C aremultiplied. If oneisinterested
in the combined probability of A and B, then theindivid-
ual probabilities are added. Therefore the likelihood that
the alleged father gave locus 1* A, locus 2*C, and locus
3*E to one child is the product of the likelihood for
1*A-2*C-3*E. Therefore, multiplying al of the individ-
ual likelihood ratios generates the PI or CPI. For area
sonabl e battery of tests this number should easily exceed
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400 to 1,000. The PI or CPI basically states that the al-
leged father is 400 or 1,000 times as likely to be the bio-
logical father of the child as an unrelated man from the
same population. In Germany, a minimum Pl or CPI of
1,000 is required, whereas in the United States the re-
quired Pl or CPI can be less than 100. Since many indi-
vidualshave ahard timerelating to alikelihood ratio and
interpreting it, an aternative way of presenting the data
isto convert the likelihood ratio to the probability of pa
ternity.

Probability of Paternity

An 18th century mathematician Bayes developed a
theorem to estimate the probability of event occurring
even when the event cannot be directly measured. Thisis
the basis of Bayesian mathematics that is widely used,
especialy in fields such as genetic counseling, to esti-
matetherisk of having an affected child. Bayes formula
for the estimation of an event occurring is as follows:

_ Xep
X ep+y(-p)

where X isthelikelihood that an event will occur, Y
isthelikelihood that it will not occur, pisthe prior proba

bility that X will occur, and 1-p is the prior probability
that it will not occur.

There are several constraints on Bayes' formula.
Oneisthat it isexhaustive, i.e., that it must include all
of the options in the universe. In the case of paternity
testing, X is the combined likelihood that the alleged
father transmitted all of the obligate alleles and con-
sists of the product of al of the 0.5 and 1.0 values for
each locus. Y is the combined likelihood or chance
that some unrelated person in the popul ationisthe bio-
logical father and the product of all of the obligate al-
lele frequencies. Prior probability is the probability
(likelihood) that the event in question could occur
without any knowledge of current outcome. In this
caseitisthelikelihood that the alleged father isthe bi-
ological father before there are any laboratory test re-
sults. There are many possible ways to calculate the
prior probability that the alleged father is the biologi-
cal father. One could assumethat it isthelaboratory in-
clusionratethat is approximately 70%. One could also
assume that it is the number of eligible malesin the
area of conception. By convention it is assumed that
thealleged father isequally likely to be or not to bethe
biological father. This is the so-called neutral prior
probability. Thus the prior probability is 0.5. Some
statisticians believe that the prior probability should
be calculated by dividing the desired outcome by the
total number of possible outcomes, e.g., theprior prob-
ability of getting asingle dot on adice (half of apair of
dice) is 1/6, whereas the prior probability of getting a
head onacoinis 1/2. Since for parentage testing there
are only two possible outcomes—heisor heis not the
biological father — the prior probability is 1 over the
two possible optionsor 0.5, indicating that the“ neutral
prior” may be the correct prior. If the value of 0.5 is
chosen for the prior probability, the formulareducesto
aformulathat uses the Pl (CPI):

Transmission Probability of Paternity (p=0.5)=

Bayes Formula=

1
1+ (1/ PI[CPI])

The probability of paternity is the probability that
the alleged father is the biological father of the child.
Therefore, if the Pl (CPI) is400, then the probability that
the alleged father is the biological father is 0.9975, or
99.75%. In contrast, the probability that the aleged fa-
ther is not the biological father is 0.0025 or 0.25%. This
latter value is 1 in 400, or the reciproca of PI.

Genetic Information of the Test or the
Random Man Not Excluded (RMNE)

The Paternity Index and the probability of paternity
deal withthe Mendelianlikelihood that the all eged father
isthebiological father of the child. An aternative assess-
ment of the sameinformation isto ask how much genetic
information is present in this mother-child pair; how
powerful isthetest at preventing thefalseinclusion of an
alleged father. Thisis similar to the statistical concept of
the power of atest. Ideally the test should be as powerful
as practical, to exclude al fasely accused alleged fa-
thers. We know that there are falsely accused alleged fa-
thers because approximately 30% of alleged fathers are
excluded worldwide (35).

The power of a paternity test can be determined by
the calculation of the Random Man Not Excluded or
RMNE. Thisstatigticsis comparableto the population fre-
guencies calculated for forensic identification (see be-
low). The RMNE is the proportion of the population that
could contribute al of the obligate aleles and therefore
could not be excluded, or would be falsely included. This
termis used to describe the frequency of thoseindividuals
who cannot be excluded by chance. The formula for the
singlelocus RMNE is: p>+2p(1-p) or, smplified, 1-(1-p)2.
The Combined Random Man Not Excluded (CRMNE) is
analogoustothePl or CPl, i.e, itistheproduct of theindi-
vidual values. The value of the CRMNE isnormaly quite
small, such as 0.0025. It is easier to refer to the reciprocal
of this number (1-CRMNE), which is often referred to as
the Probability of Excluson. However, since the term
“Probahility of Exclusion” can be confused with the“ Prob-
ability of Paternity”, a less confusing term is the
Exclusionary Power (EP) or Power of Exclusion (PE). EP
(PE) represents the probability of excluding a falsdly ac-
cused man. It turns out that if a prior probability of 0.5 is
used, the EP (PE) is dso the Bayesian Probability of Pater-
nity under what can be called A non-excluson modd. To
avoid confusion with the“Probability of Paternity” derived
from theinheritance model, this should be referred to asthe
“Non-excluson Probability of Peternity” or the Weiner
Probability of Paternity, after the scientist who proposed it
in 1976 (36). The non-exclusion probability of paternity
has some advantages over the standard probability of pa-
ternity (37). The biggest advantage of thismethod isthat it
always increases with the number of tests performed and
is totally analogous to the population frequencies used in
forensic identification profiles. Thetraditional probability
of paternity (alele transmission probability of paternity)
can decrease if the aleged father is heterozygous and the
mother and child are the same heterozygous type, consist-
ing of two common alleles, such that p,+p, isgreater than
0.5.
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Table 1 presents an example of a paternity examina
tion. The obligate alleles, generated after the examination
of the types of the mother and child, are bold faced in the
table. A columnwith all of the obligate alelesisshown, as
is the presence of al of the obligate alleles in the alleged
father. The column “p” isthe allele frequency for each -
lele, based on a Croatian database (M. Kubat, personal
communication). RMNE is calculated using the formula
from above. “X” isthelikelihood that the AF can transmit
the obligate allele and is determined by the father’ s type.
The Sl is determined by X/p. For the locus D5S818, the
mother and child are the same, creating two obligate al-
lelesand an Sl close to one. The combined values are pre-
sented at the bottom of the table. For the completetrio, the
dleged father is approximately 200,000 times as likdly to
be the father as an unrelated Croatian male. This trandates
to a 99.9995% probability of paternity. Looking & the
RMNE sde, there is a 99.9996% chance of excluding a
falsaly accused father. Thus, for this case, the probability of
paternity based on allel etransmission and the probability of
paternity based on non-exclusion are identical.

Occasiondly it is necessary to do a paternity test in
the absence of the mother. In Germany, thisis referred to
asadeficient test since not al parties are present. Thereis
significant loss of information in the absence of the
mother. The formula used to caculate the frequency of
potential mothers in agiven population is:

RMNE=p2+ o2+ 2pg+ 2p(1-p-0)+ 29(1-p-q)=
=(p+ o)+ 2(p+)(1-p-0).

Similarly, the Sl iscalculated differently. Inthe case
of an absent parent there is a specific formula for each
child-alleged parent phenotype set. The formulas taken
from Brenner (39) are presented in Table 2.

To demondtrate the loss of information and differences
inresults, the paternity casein Table 1 wasreca culated with-
out the data on the mother, using the gppropriate formulas
from Table 2. The results are presented in Teble 3, using the
same format asin Table 1. The firgt thing to note is that the
Excluson Power is decreased gpproximady 1,700 fold,
whereas CPl decreases only by approximately 60 fold, indi-
cating the differences between the two methods of calculat-
ing probabilities of paternity. In genera, the RMNE method
provides a more conservetive estimator of relationship. The
ratio of the combined likelihoods teken from Table 1 isbas-
cdly 0.805 (Tranamisso/RMNE), whereasthesameratiois
6.08in Table 3, indicating that the transmission method pro-
duces results that are gpproximately 6 times larger than the
RMNE method when the mother is missing.

Maternity I dentification

Occasionadly a child is found abandoned or dead
and the question arises who the mother of the child is.
Unlikethesituation of paternity identification, herethere
is no knowledge about the mother or father of the child.
Therefore, asis done in other forensic evidence, the ge-
netic profile of the child is the evidence. If the child is
heterozygous at agiven locus, there are two different ob-
ligate aleles. In contrast, if the child is homozygous at a
given locus, thereisonly one obligate alele.

The formula used to calculate the RFNE which
stands for “Random Female Not Excluded” is the same

formula used for the RMNE when the mother is missing.
If the mother does not have either of the two alleles that
the child has, the mother isexcluded. But if the mother has
even a single dlele that the child has, she cannot be ex-
cluded. If this result holds for all tested loci, then the al-
leged mother cannot be excluded. The Combined Random
Female Not Excluded (CRFNE) isthe product of dl of the
individual RFNEsand represents the percentage of females
in the population that could not be excluded by chance, or
that could be fasely included. The inverse, or /CRMNE
will generate the number of women that would have to be
tested to find a coincidental match. If a Bayesian probabil-
ity of maternity isneeded, 1-CRFNE isthe Bayesian proba-
bility of maternity as above.

Alternatively, it is possible to calculate a maternity
index based on allele transmission, similar tothe Sl or PI
seen above, and convert that to a Bayesian probability.
The same formulas presented in Table 2 apply to calcu-
lating a maternity index in the absence of afather.

Table4isan exampleof maternity identification. The
child from the case in Table 1 is used again. Since the
child' s profile generates the RMNE/RFNE, they are iden-
tica in the paternity case without the mother in Table 3
and the maternity case in Table 4. However, due to the
different shared alleles, Sls and combined Pl are differ-
ent. In this case the transmission method is approxi-
mately 9 times greater than the RFNE method. It should
be noted that even with the loss of information in both the
motherless (Table 3) and fatherless (Table 4) examples,
the probability of parentage, even when the most conser-
vative method isused (e.g.,, RMNE/RFNE) isgreater than
99%, indicating that identification of parents can till be
made.

Mixed Populations Calculations

For the calculation of a paternity index, it is custom-
ary to use the population frequencies of the alleged father
or mother. If the aleged father or mother attributes their
background to be a mixture of two diverse populations,
such as Croatian and Sub-Saharan African, then the value
of p usad should be the average of the two population
frequenciesif they are available. On the other hand, if the
guestioned parent statesthat he or sheisltaian, and only a
Croatian databaseisavailable, the effect on the resultswill
be negligible. The RMNE/RFNE is calculated as de-
scribed above, depending on the case.

In redlity, amost al human populations are to some
extent mixed with other populationsover their history. Al-
leles specific for Central Asia, Northern Asia, and Africa
can befound in European populations dueto the historical
infusion of genes by Mongols and other Asian visitors, as
well as the presence of African daves in many popula
tions. Special accommodeations do not need to be made for
these historical eventsasthey will be represented in popu-
lation samples. If the subject of the investigation is not a
native but rather atourist from, for example, Puerto Rico,
it would be useful if a Puerto Rican database could be
used. However, if a population specific database is not
available, thereisan error created by not using the appro-
priate database, though at the present time the magnitude
of errorsfor STRs has not yet been published. If the struc-
ture of the population in question is known, a synthetic
frequency could be caculated using the proportional
weighted frequencies of the constituent populations.
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Table 1. Example of acomplete paternity examination?

Alleged

Loci Mother chilg  Obige  Allega p(Y) RMNE X s
D351358 15,16 15,18 18 16,18 0.1400 0.2604 0.50 3571
VWA 16,19 13,16 13 13,16 0.0100 0.0199 0.50 50.000
FGA 20,21 21,22 22 21,22 0.1575 0.2902 050 3.175
THO1 9 89 8 7.8 0.1150 0.2168 0.50 4.348
TPOX 6,7 6,11 1 1 0.2675 0.4634 1.00 3.738
CSF1PO 11,13 10,11 10 10,12 0.2750 04744 0.50 1.818
D5S818 10,12 10,12 10 11,12 0.0487%!

12 0.3875 0.6821 0.50 1.146
D13S317 1 8,11 8 8,12 0.1550 0.2860 0.50 3.226
D7S820 8,10 8,12 12 9,12 0.1400 0.2604 0.50 3571
AMEL X, X X,Y X,Y
Combined 3.64 x 106 221,234
Exclusion power 99.99964%
Likelihood 274,697
Probability of paternity 99.9996% 09.9995%

3Abbreviations: p (Y) = alelefrequency for each allele or obligate allele based on Croatian or FBI database. FBI indicates frequenciestaken from the Euro-
pean FBI database (38). RMNE (random man not excluded) = the proportion of the population that could contribute al of the obligate aleles and therefore
could not be excluded. X = likelihood that the alleged father can transmit the obligate alele, determined by the father’ stype. Sl (systemindex) = likelihood
that the alleged father can transmit the allele divided by the frequency of the obligate alele (SI=X/p). Obligate aleles are written in bold.

Identification of Human Remains

A variety of methods are available to identify hu-
man remains. Depending on the circumstances and the
state of the remains, the most common methods include
identification of remains by a living person who knew
the deceased victim by direct facial recognition, or rec-
ognition of specia features, such as scars or marks (tat-
toos), matching of fingerprints (if pre mortem inked
prints are available), dentition, and DNA.

Inwar, when alarge number of bodies are often bur-
ied in common graves and premortem data are unavail-
able, the identification is much more difficult (40). The
development of genomic and mitochondrial DNA tech-
nology has provided the forensic community with avalu-
able new tool for establishing personal identification.
Because of the advanced decomposition of many bodies
found in the war or mass disaster situations, forensic sci-

Table 2. Formulas for the calculation of the system index (S1)
with a parent missing (39)2

Child'sdldes Parent's aleles S
AB B,C 1/4b
AB A 1/2a
A AB 1/2a
A A Va
AB AB (at+b)/d4ab

@A, B, and C are dleles, and aand b are dlele frequencies.

entists use identification by DNA typing from skeleta
remains (41). Bone samplesare morelikely to persist due
to their physical durability. It also appears that condi-
tionswithin bones arerelatively favorablefor the preser-
vation of DNA (41). Several authors note theimportance
of DNA extraction methods prior to DNA amplification
and analysis to increase the percentage of identification
(43-46). Furthermore, it has been suggested that mtDNA
is the method of choice when someone is working with
highly degraded evidence. However, following the modi-
fication of the standard DNA extraction procedure, and
repurificating the extracted DNA with NaOH, we found
that the percentage of successful identifications using
genomic DNA increased up to 85% (47-49). Also, we
observed that dental samplesyielded enhanced resultsin
20-30% of cases when compared with results obtained
from the long bones (47).

I dentification of Remains Using Parents

The material presented in the sections on paternity
and maternity haveto do with the identification of one or
more parents of a living individua. When we have un-
identified remains of an individual, it is still possible to
identify them if either the parents or the children of the
suspected individual are available for testing. There are
two sets of circumstances that can lead to the situation
where it is hecessary to establish identity by reconstruc-
tion. Thefirst isthat of amissing person, suspected to be
dead but no body recovered (e.g., when ablood stain is
found in someone’ s apartment, the person ismissing and
no body is recovered). Does the bloodstain found at the
suspected crime scene belongs to the person who lived
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Table 3. Calculation of paternity with the mother missing=

Loci Child Og'lidgzte Father p(Y) RMNE S
D3S1358 15,18 15 16,18 0.2463®!
18 0.1400 0.6234 1.786
VWA 13,16 13 13,16 0.0100 0.3783 26.241
16 0.2015%®
FGA 21,22 21 21,22 0.1735
22 0.1575 0.5524 3.028
THO1 89 8 7.8 0.1150 0.4816 2174
9 0.16507!
TPOX 6,11 6 1 0.0112r"
1 0.2675 0.4797 1.869
CSF1PO 10,11 10 10,12 0.2750 0.8198 0.909
1 0.30057®!
D5S818 10,12 10 11,12 0.0487r8!
12 0.3875 0.6821 0.645
D13s317 811 8 8,12 0.1550 0.7232 1.613
1 0.3189®
D7S820 8,12 8 9,12 0.1626™
12 0.1400 0.5136 1.786
AMEL XY X,Y
Combined 0.0063 974
Exclusion power 99.375%
Likelihood 160
Prgabaerbr']'i't;y of 99.379% 99.897%

@Abbreviations and symbols: p (Y) = alelefrequency for each alele or obligate alele based on Croatian and FBI database. FBI indicatesfrequenciestaken
from the European FBI database (38); asterisk indicates* minimum alelefrequency” which isaconservative estimate. RMNE (random man not excluded)
=the proportion of the population that could contributeall of the obligate alelesand therefore could not be excluded. Sl (systemindex) with aparent miss-
ing iscaculated according to formulasgivenin Table 2. A “minimum allele frequency” isaconservative estimate. A discussion of the calculation of mini-

mum allele frequenciesis found in ref. 38. Obligate aleles are written in bold.

thereand who isthe child of two known individuals? The
second circumstance occurs when remains are recov-
ered, whether a single homicide or from a mass grave,
which cannot be identified by non-genetic methods.

In the process of identifying remains, the calcula-
tionisalittle bit different when compared with standard
paternity identification. Rather than determining the fre-
guency of asingle obligate allelein the population of po-
tential fathers or mother (RMNE or RFNE), it is neces-
sary to determine the frequency of one obligate allelein
each of two parents. Going back to the rule of combining
probabilities or likelihoods, the probability of getting
one parent with alele A and a second parent with alele
B, isthefrequency of possible parentswithallele A times
the frequency of possible parents with alele B. In prac-
tice, thisis done by obtaining the RMNE/RFNE for each
alele and then multiplying the respective RMNE for the
first allele times the RFNE for the second allele to obtain
the likelihood of getting two parents that have those al-
leles. Thisisthe Random Parents Not Excluded (RPNE).
Thus the formula for caculating RPNE for any two al-
leles, whether adike or different would be
(p*+2p[1-p])x(02+2q[ 1-q]). For example, using the locus
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D3S1358 and astain of the type D3S1358 15,17, with the
frequencies of 0.2425 and 0.1875, respectively, then the
likelihood of finding two parents, onewith aD3S1358* 15
alele and one with a D3S1358*17 allele by chance
would be:

(0.24252+2-0.2425-0.7575)-(0.1875*+2-0.1875
:0.8125)=0.4262-0.3398=0.1448.

Thus about 14.5% of Croatian parents would not be
excluded. On the other hand, 85.5% of Croatian parents
would be excluded with this single test. By multiplying
al of the individual RPNES, the combined RPNE or
CRPNE is created, generating the relative population
frequency or percentage of population of potential par-
ents. Similarly, the likelihood in favor of the
non-excluded parentsis /CRPNE. The Bayesian proba-
bility of parenthood, using the non-exclusion method
and a prior probability of 0.5 is 1-CRPNE.

Table5 delineatestheidentification of remainsfrom
Bosniabefore STR technology was available (48). Inthis
case, the population of potential parents was calculated
for each alele in the RMNE column and multiplied to-
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Table 4. Calculation of maternity with the father missing2

Loci Child Obligatealde  Mother p(Y) RMNE sl
D3S1358 15,18 15 15,16 0.2463%8!
18 0.1400 0.6234 1.015
VWA 13,16 13 16,19 0.0100 0.3783 1.241
16 0.2015%®!
FGA 21,22 21 20,21 0.1735
22 0.1575 0.5524 1.441
THO1 89 8 9 0.1150 0.4816 3.030
9 0.165078
TPOX 6,11 6 6,7 0.01128"
11 0.2675 0.4797 22.321
CSF1PO 10,11 10 11,13 0.2750 0.8198 0.832
1 0.30058
D5S818 10,12 10 10,12 0.0487%®
12 0.3875 0.6821 5.779
D13s317 8,11 8 n 0.1550 0.7232 1.568
1 0.31897®
D7S820 8,12 8 8,10 0.1626"8!
12 0.1400 0.5136 1.538
AMEL XY XX
Combined 0.0063 1,422
Exclusion power 99.375%
Likelihood 160
Probability of maternity 99.3793% 99.93%

@Abbreviationsand symbols: p (Y) = alelefrequency for each alele or obligate alele based on Croatian and FBI database. FBI indicates frequenciestaken
from the European FBI database (38); asterisk indicates “minimum allele frequency” which is a conservetive estimate. Sl (system index) with a parent
missing iscalculated according to formulasgivenin Table 2. Asterisk indicates“ minimum allele frequency” used. A “minimum alelefrequency” isacon-
sarvative estimate. A discussion of the calculation of minimum alele frequenciesis found in ref. 38. Obligate aleles are written in bold.

gether to create the RPNE for each locus. The data pre-
sented is based on testing for DQAL and Polymarker,
which provides less information than the STR loci
(34,49,50). Thus the values are lower than those ob-
served in the previous tables. In this case, only 0.4% of
Croatian couples could be the parents of these remains,
or 99.62% would be excluded. This convertsto alikeli-
hood of approximately 260 to 1 in favor of these parents
being the parents of the remains, and that there is a
99.62% certainty of paternity by non-exclusion.

I dentification of Remains Using Children

If the missing person isthe father of children, areg-
ular paternity examination can be performed asabove. In
Table 6, NN, whose remains were found, is suspected to
be the father of a child. When the mother is also avail-
able, this becomes a highly informative situation. The
testing of the mother and child indicate that 99.997% of
Croatian non-father males would be excluded but the re-
mains NN were not excluded. Calculation of the Sl and
Pl indicates that the remains are approximately 45,000
times as likely to be the boy’s father than an unrelated
Croatian male, or by transmission, there is a 99.998%
probability that this is the child's father. By

non-exclusion there is 32,000 to 1 likelihood and a
99.9997% probability of paternity. Again, the two meth-
ods are in good agreement, and it is reasonably certain
that these remains represent the father of the child in
guestion.

Additional reading on the application of DNA tech-
nology to forensic parentage testing can be found in
Schanfield (34).

Par entage | dentification versus Forensic
I dentification

In parentage testing, the frequency of potentia par-
entsis determined by the RMNE frequency or the popula
tion of potential alele donors. In forensic identity testing
the equivalent population stetisticsis the frequency of po-
tential phenotype (genotype) donors (34). Table 7 com-
pares the results of a paternity identification (RMNE=
(p*+2p[1-p]) versus aforensic identification (2pq). In this
case the population of donors (RMNE) is approximately
seven timeslarger than the forensic population frequency.
Thus, a one locus there is amost an order of magnitude
difference between the forensic identification and the pa-
ternity identification.
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Table5. Identification of remains using parents(48)2

Locus Mother Bone Father Obligate aleles p RMNE RPNE
LDLR B A,B A A 0.410 0.6519

B 0.590 0.8319 0.5423
GYPA AB AB AB A 0.560 0.8064

B 0.440 0.6864 0.5535
HBGG A AB B A 0.530 0.7791

B 0.470 0.7191 0.5603
D7S8 A AB AB A 0.653 0.8796

B 0.347 0.5736 0.5045
GC AC AC AC A 0.279 0.4802

C 0.595 0.8360 0.4014
DQA1 24 34 23 3 0.105 0.1990

4 0.340 0.5644 0.1123
Combined 0.0038
Likelihood of parenthood 261
Probability of parenthood 99.62%

@A bbreviationsand symbols: p = alele frequency for obligate allele based on the Croatian database (49). RMNE (random man not excluded) = the propor-
tion of the population that could contribute al of the obligate alleles and therefore could not be excluded. RPNE (random parents not excluded) = percent-
age of parentsthat would not be excluded as apotentia parents. Obligate dlelesarewrittenin bold, and alleles presumably transmitted by father are under-

lined.

The estimates in Table 7 are based on a heterozy-
gous phenotype. If the results were homozygous, the
Hardy-Weinberg equilibrium estimator would bep2. This
assumes that there are no significant deviations from
Hardy-Weinberg equilibrium due to substructuring or
other events. In the USA, the National Research Council
recommended that to be conservative a substructuring
correction should be added to al populations, even those
without documented sub structuring, such as Croatia. The
Hardy-Weinberg equilibrium estimator for ahomozygous
individual then becomes p2+p(1-p)-(0.01). Inthe example
in Table 7, if the evidence is D3S1358 15, the
Hardy-Weinberg equilibrium estimator would be
0.24255+0.2425 -0.75750.01=0.0606. The RMNE for a
homozygousindividua is p>+2p(1-p). In the examplein
Table 6 the RMNE is 0.24252+2:0.24250.7575= 0.4262.
It is apparent that the ability to individualize an item of
evidenceis much easier than to individualize a parent.

Thelast step in the process, as in parentage testing,
is to combine all of the individual values to obtain the
frequency of the multi-locus genotypic array or profile.
Multiplying each of the individual locus genotypic fre-
guencies does this.

Forensic | dentity Testing

The objective of forengc identity testing is to compare
an evidentiary stain (blood, body fluid or tissue) to avictim
or suspect. If enough testing isperformed, only thebiologicd
donor or higher identical twinwill not be excluded. Whenan
item of evidence and a potentid donor are consistent with
eech other, the likeihood of a coincidental match is cacu-
lated to provide aweight to the evidence. For example, be-
fore DNA testing, ABO blood typeswere used in sexud as-
sault cases. If the victim is an O secretor, and the evidence
collectedisfrom an A secretor, thenthe donor hadtobean A
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secretor. A sugpect wastested and found to bean A secretor,
and thus cannot be excluded. Isthis useful information or in
the legd sense probetive evidence? Since gpproximately
40% of the European population secrete blood group A in
their body fluids, thisis not avery useful or probative piece
of evidence. With DNA evidence only a minute segment of
the population will normally match by chance. In parentage
testing, the frequency of donors of an dleleisthe significant
vaue. For identity testing, the expected popul ation genotype
frequencies are the populaion Satistics of interest (51). The
Hardy-Weinberg equilibrium as described above determines
the expected genotype frequencies.

In Teble 8, the remains of NN are treated asan item
of forensic evidence rather than a forensic paternity.
Using the nine loci, only 1 in 22 billion Croatian males
would match by chance. Since there are not 22 hillion
Croatians or even people on the Earth, there is areason-
ablecertainty that the sample could only have come from
thisindividual if a forensic comparison had been made.
Comparing the population frequency in Table 8 to that in
Table 6 indicates that there is approximately 70,000
times more individualization power in forensic identity
than parentage testing.

Individualization and | dentity

Individualization is the concept that a genetic pro-
file represents a unique individual. This has been indi-
cated in the realm of fingerprint identification for many
years, in which examiners will state that a fingerprint
originated from a specific individual. Even identica
twinsdo not haveidentical fingerprint patterns, although
they will always share genetic profiles. At the present
time, with the number of markersavailable, it ispossible
to generate virtually any level of individualization. The
FBI recently stated that if the level of individualization
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Table6. Identification of remains using achild of the decedent2

Obligate

Remains

Loci Wife Child alde NN p RMNE X Sl
D3S1358 14,16 15,16 15 15,17 0.2425 0.4262 0.50 2.062
VWA 15,16 16,19 19 19 0.0900 0.1719 1.00 11111
FGA 21,22 21,22 21 21,22 0.2125

22 0.1575 0.6031 1.00 2.703
THO1 7.8 7.8 7 89 0.1724%® 0.4922

8 0.1150 0.50 1.740
TPOX n 10,11 10 9,10 0.0625 0.1211 0.50 8.000
CSF1PO 10,12 10 10 10,11 0.2750 04744 0.50 1.818
D5S818 11,12 10,12 10 10,12 0.0775 0.1490 0.50 6.452
D13s317 8,12 811 n 1,12 0.3350 0.5578 0.50 1.493
D7S820 8,11 8 8 8,10 0.1650 0.3028 0.50 3.030
AMEL XX XY XY
Combined 3.14 x105 45,720
Exclusion power 99.9969 %
Likelihood 31,812
Probability of paternity 99.9969% 99.9978%

@Abbreviationsand symbols: p (Y) = alelefrequency for each alele or obligate allele based on Croatian and FBI database. FBI indicatesfrequenciestaken
from the European FBI database (38). RMNE (random man not excluded) = the proportion of the population that could contribute al of the obligate alleles
and therefore could not be excluded. X = likelihood that the alleged father can transmit the obligate dllele and it is determined by the father’ stype. Sl (sys-
temindex) = likelihood that the alleged father can transmit the dlele divided by the frequency of the obligateallele (SI=X/p). Obligate dlelesare writtenin

bold.

exceeds 360 hillion then a state of identity exists, such
that they will report that abiological specimen originated
fromaspecificindividual or his/her identical twin. Inthe
profile presented in Table 8, 360 billion was not reached
but it would have been if additional loci weretested. The
CODIS 13 would certainly have reached that level, or
even changing that test kit may have reached that level
(51). Doesthat mean that the sample was not individual-
ized to the point of identity? It depends on the definition
one uses. The definition by the FBI isto some extent ar-
bitrary. The level of individualization needed to reach
identity is something that needsto be determined at alo-
cal level, unlessthereis an international consensus. The
idea that the likelihood of a coincidental match is less
than 1 in 23 hillion Croatians is strong evidence that the
profiles originated from a common source.
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