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DNA tech nol ogy has taken an ir re place able po si tion in the field of the fo ren sic sci ences. Since 1985, when Pe ter Gill and Alex
Jeffreys first ap plied DNA tech nol ogy to fo ren sic prob lems, to the pres ent, more than 50,000 cases world wide have been
solved through the use of DNA based tech nol ogy. Al though the de vel op ment of DNA typ ing in fo ren sic sci ence has been ex -
tremely rapid, to day we are wit ness ing a new era of DNA tech nol ogy in clud ing au to ma tion and min ia tur iza tion. In fo ren sic
sci ence, DNA anal y sis has be come “the new form of sci en tific ev i dence” and has come un der pub lic scru tiny and the de mand
to show com pe tence. More and more courts ad mit the DNA based ev i dence. We be lieve that in the near fu ture this tech nol ogy
will be gen er ally ac cepted in the le gal sys tem. There are two main ap pli ca tions of DNA anal y sis in fo ren sic med i cine: crim i nal 
in ves ti ga tion and pa ter nity test ing. In this ar ti cle we pres ent back ground in for ma tion on DNA, hu man ge net ics, and the ap pli -
ca tion of DNA anal y sis to le gal prob lems, as well as the com monly ap plied re spec tive math e mat ics.
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Af ter the dis cov ery of DNA struc ture in 1953 (1),
the tech no log i cal ad vance ment in bio med i cal re search
has al lowed the iden ti fi ca tion, through the Hu man Ge -
nome Pro ject, of more than 150,000 genes coded by ap -
prox i mately 3 bil lion base pairs of DNA that is con tained 
by the 23 pairs of so matic chro mo somes.

For the vast ma jor ity of loci that code for a pro tein
there is only one form of a gene. This is be cause most
genes are not tol er ant to mu ta tions. Some genes are more
tol er ant to mu ta tions and may have more than one form
of a gene, al leles of that par tic u lar gene. Loci with al leles 
that oc cur rel a tively fre quently are called poly mor phic,
whereas those loci that do not have al leles are called
monomorphic. The ge netic vari a tion in blood groups, se -
rum pro teins, and trans plan ta tion an ti gens at the pro tein
level re flects vari a tion at the DNA level. Ad vances in
DNA tech nol ogy have al lowed de tec tion of vari a tion
(poly mor phism) in spe cific DNA se quences.

It is known that the DNA se quences at many loci do
not code for a trans lated gene. These loci are highly poly -
mor phic due to the pres ence of mul ti ple al leles rep re -
sented by dif fer ent num bers of re peated seg ments. These 
re peated seg ments are re ferred to as vari able num ber tan -
dem re peats or VNTRs (2-5). At any given lo cus they can 
dif fer by as few as one re peat or have as many as a hun -
dred re peats. The most com mon method used to an a lyze
VNTRs is am pli fied frag ment length poly mor phism
(AFLP) (6,7). In some cases VNTR re gions can cause
ge netic dis eases. Some times the re peat in a VNTR is

three base pairs long, and codes for an amino acid in the
cod ing re gion of a pro tein, which is re ferred to as a
codon. If the num ber of re peats be comes too large it can
dis tort the pro tein, caus ing a ge netic dis ease. Two of
these trinucleotide re peat dis eases are X-linked men tal
re tar da tion (Frag ile X) and Hun ting ton’s dis ease. Most
VNTR loci are in the re gions of anon y mous DNA, which 
do not code for pro teins or are in the introns, non-coding
parts of a gene. It is these VNTR loci that are used in fo -
ren sic anal y sis of sam ples. Dur ing fo ren sic anal y sis one
or more loci are the par tic u lar in ter est of ex am i na tion.
For most fo ren sic DNA test ing, the ma jor ity of loci
tested are within the 44 autosomes.

Anal y sis of the sex chro mo somes is im por tant if
gen der de ter mi na tion is needed. For ex am ple, the Ame -
logenin (AMEL) gene has two forms. The X chro mo -
some form of the gene con tains a small de le tion (6bp) in
a non-translated re gion of DNA, which pro duces a
shorter prod uct when am pli fied by poly mer ase chain re ac -
tion (PCR) than the same gene on the Y (male) chro mo -
some.

Y chro mo some can pro vide im por tant in for ma tion
if there is a ques tion about iden ti fy ing lin eages from a
spe cific male. This is pos si ble be cause the Y chro mo -
some con tains highly poly mor phic re gions (8). Hu man Y 
chro mo some is pres ent in nor mal males as a sin gle copy
that is pa ter nally in her ited and can not re com bine or re ar -
range be cause there is only one Y chro mo some. In a fo -
ren sic anal y sis, the Y chro mo some can play an im por tant 
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role in sex ual as sault cases where more than one male
has con trib uted to a mix ture (9). These mark ers can also
be very use ful in pa ter nity cases where the child is male.

No men cla ture

Prior to 1985, var i ous groups of sci en tists met to
stan dard ize the use of re agents and no men cla ture. One of 
the more note wor thy at tempts are the reg u lar meet ings of 
the trans plan ta tion com mu nity to stan dard ize tis sue typ -
ing re agents for pur poses of trans plan ta tion. With the ad -
vent of the Hu man Ge nome Pro ject and the wide scale
search and map ping of hu man genes it was nec es sary to
de velop guide lines for how new genes would be iden ti -
fied and how old sys tems would be in cor po rated. The re -
sults from this dis cus sion be came the frame work for
meet ings to fol low on hu man ge netic no men cla ture. The
sys tem now re ferred to as the In ter na tional Sys tem of
Gene No men cla ture or ISGN (1987) was the be gin ning
(10). This was fol lowed by spe cific rec om men da tions of
the DNA Com mis sion of the In ter na tional So ci ety for
Fo ren sic Haemogenetics re lat ing to the use of re stric tion
frag ment length poly mor phism (RFLP) and poly mer ase
chain re ac tion (PCR) (11,12). In gen eral, all loci have
unique iden ti fi ers of 2-7 char ac ters in length that are all
in cap i tal let ters, for ex am ple, AMEL for the
Amelogenin lo cus. Phe no types (i.e., the re sults of lab o -
ra tory tests) are pre sented as the lo cus name fol lowed by
a space and then the ob served re sults (e.g., GYPA A). A
two band pat tern is rep re sented by the lo cus sym bol, a
space and sym bols of the al leles sep a rated by a coma
(e.g., GYPA A,B). A ge no type can only be de ter mined
by com bin ing the lab o ra tory re sults with the ped i gree
anal y sis of in her i tance in a fam ily. It is easy to de duce a
heterozygote by the pres ence of two bands or dots. How -
ever, due to the pres ence of mu ta tions that can cause null
al leles, a sin gle band (dot) can be de ter mined to be a true
homozygote only by fam ily study. Op er a tionally, in most 
cases a sin gle band pat tern is a homozygote and is treated 
as such. Genotypic re sults are pre sented as the lo cus
name fol lowed by an asterix and the de duced re sults sep -
a rated by a slash fol lowed by the sec ond asterix (e.g.,
GYPA*A/*B, GYPA*/*A). Ge no type is al ways ital i -
cized (GYPA*A/*B) or un der lined if ital ics is not avail -
able (GYPA*/*A). For anon y mous DNA seg ments, such 
as D14S1, the fol low ing rules hold. The anon y mous
DNA re gion is iden ti fied as D for a DNA seg ment. The
num ber rep re sents the chro mo some the anon y mous
DNA is found on. “S” in di cates that it is a sin gle copy re -
gion that only oc curs once in the ge nome, and “Z” in di -
cates that it has mul ti ple lo ca tions. The num ber in di cates
the or der in which it was re ported as a DNA marker for
that chro mo some. For D14S1, it is a DNA seg ment on
chro mo some 14, a sin gle copy, and the first marker
found on Chro mo some 14. This ex am ple is the first re -
ported hy per variable RFLP (13). The pre vi ously stated
guide lines re quire the use of phe no types when pre sent -
ing DNA re sults. 

For DNA polymorphisms the fol low ing stan dards
are in force. Only phe no types are pre sented. Al leles or
band sizes are al ways re ported from the small est to the
larg est, for ex am ple: 10, 15, 17 or 2.33, 3.56 kb. Het ero -
zy gous phe no types are al ways sep a rated by a comma

with out a space. Sin gle band pat terns, whether for RFLP
or PCR based sys tems, are re ported as a sin gle band phe -
no type, i.e., 3.56 or 12, and not as a ge no type.

Mi to chon drial DNA

Mi to chon drial DNA (mtDNA) is an other source of
DNA of fo ren sic in ter est. The mi to chon dria con tain mul -
ti ple cop ies of mtDNA, where 22 genes en code trans fer
RNA (tRNA), two en code ri bo somal RNAs (12S, 16S
RNA), and 13 en code pro tein en zymes in volved in the
elec tron trans port chain of ox i da tive phosphorylation
and ATP pro duc tion (14). The mtDNA is 16,569 bp long, 
cir cu lar, and with out any intron se quences. Two
non-coding hypervariable re gions are of par tic u lar in ter -
est for fo ren sic anal y sis: HV1 and HV2. Un like nu clear
DNA, the mi to chon dria and their DNA orig i nate in the
cy to plasm of the egg that formed the zy gote and are
there fore of ma ter nal or i gin. Thus, mtDNA is ma ter nally 
in her ited, and rep re sents the fe male an ces try of an in di -
vid ual. Fur ther, mtDNA in a given cell may be pres ent in
thou sands cop ies, com pared with only two cop ies of nu -
clear DNA. Since mtDNA mol e cules rep li cate in de pend -
ently of one an other, un like nu clear chro mo somes which
pair be fore rep li ca tion, there is no mech a nism by which
mtDNA can un dergo re com bi na tion. The only source of
vari a tion in mtDNA is mu ta tions that change the base
pair se quence of the mtDNA. The fact that mtDNA is
ma ter nally in her ited pre cludes an in di vid ual from be ing
het ero zy gous, mak ing it use ful in trac ing ma ter nal lin -
eages within fam i lies and pop u la tions. MtDNA is pri -
mar ily em ployed in fo ren sic case work to test ev i dence
that does not con tain a suf fi cient quan tity or qual ity of
DNA for nu clear DNA test ing, such as re pa tri ated re -
mains from graves (15). MtDNA also oc curs in
non-nuclear tis sues such as hair shafts. How ever, one of
the ma jor prob lems in work ing with mtDNA in hair is the 
pres ence of the two or more subpopulations of mtDNA
(heteroplasmy) within an in di vid ual. Heteroplasmy is
prob a bly the re sult of a much higher er ror rate dur ing
mtDNA rep li ca tion than in nu clear DNA. It may be be -
cause mtDNA mol e cules are rep li cated in de pend ently of
one an other and are not strictly tied to mei otic or mi totic
cell di vi sion. Since each cell con tains a pop u la tion of
mtDNA mol e cules, a sin gle cell can har bor some mol e -
cules that have an mtDNA mu ta tion and oth ers than do
not. This phe nom ena may be re spon si ble for a vari able
ex pres sion of mi to chon drial dis eases as well. How ever,
it is pos si ble that the num ber of mu tant mtDNA mol e -
cules may change through replicative seg re ga tion as
cells di vide and as mi to chon dria pro lif er ate. For the fo -
ren sic pur poses, heteroplasmy is im por tant since it may
strengthen or com pli cate fo ren sic iden tity test ing. How -
ever, heteroplasmy rep re sents an ad di tional level of vari -
a tion that in most cases can in crease the power of
mtDNA test ing. Fur ther in for ma tion about this is sue can
be found in an ex cel lent ar ti cle by Hol land and Par son
(16). MtDNA plays an im por tant role in the iden ti fi ca -
tion of hu man re mains, par tic u larly skel e tal, of de com -
posed bod ies. One of the most fa mous cases that was
solved us ing this tech nol ogy was iden ti fi ca tion of the
Tzar Nich o las II, where it was con firmed that he had the
same heteroplasmy as the re mains of his brother Georgij
Romanov, the Grand Duke of Rus sia (17).
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Methods of DNA Anal y sis Used in Fo ren sic
Sci ences 

The most im por tant step for any fo ren sic anal y sis is
the col lec tion and iden ti fi ca tion of ev i dence. If ev i dence is 
not prop erly doc u mented, col lected, pack aged, and pre -
served, most likely the fi nal data will not be ad mis si ble in
a court of law.

Doc u men ta tion of ev i dence should be thor ough and
the per son should fol low all guide lines spe cially de vel -
oped for such pur poses. All spec i mens found should be la -
beled with an item number, date, time, lo ca tion, and col lec -
tor’s name. If a case num ber is as signed, that too would
be added. An ex haus tive de scrip tion of the col lec tion
and pres er va tion of ev i dence for DNA test ing can be
found in Lee et al (18).

Re stric tion Frag ment Length Polymorphisms
The first method to be ap plied in fo ren sic DNA

anal y sis was re stric tion frag ment length polymorphisms
(RFLP), where DNA is di gested with re stric tion
endonucleases, the frag ments sep a rated by elec tro pho re -
sis on an agarose me dium, trans ferred to a ny lon mem -
brane and de tected by hy brid iza tion with ei ther a ra dio -
ac tive or chemilu minescent probe (19-21). Two main
types of DNA poly mor phism are stud ied us ing RFLP
tech nol ogy: sin gle base changes and minisatellite
VNTRs loci. Anal y sis of the sin gle-base poly mor phism
has only lim ited value in fo ren sic DNA iden ti fi ca tion
since there are lim ited num bers of al leles with these
changes and lim ited num bers of use ful loci. How ever,
since the mid 1980s, the most com mon method used in
fo ren sic DNA anal y sis has been RFLP anal y sis of
VNTR minisatellite loci. These loci vary in length due to
the vari a tion in the num ber of re peated DNA seg ments at 
a spe cific lo cus. The VNTR loci used con tain re peated
se quences that vary be tween 15 and 70 base pairs. Stan -
dard iza tion of the test sys tems in fo ren sic sci ence has led
to the use of the re stric tion en zyme HaeIII in the United
States and the en zyme HinfI in Eu rope, with other coun -
tries choos ing one of the two sys tems. How ever, this
tech nique re quires a rel a tively large amount of DNA, it is 
la bor-intensive and lengthy, and in some lo ca tions re -
quires the use of ra dio ac tiv ity. An ex ten sive re view of
the ap pli ca tion of RFLP tech nol ogy and its fo ren sic ap -
pli ca tions can be found in Waye (22).

Poly mer ase Chain Re ac tion
The poly mer ase chain re ac tion (PCR) is a method

where a cer tain re gion of DNA is cop ied (am pli fied),
pro duc ing at op ti mum a bil lion cop ies that are com -
pletely iden ti cal to the orig i nal. This tech nol ogy has sev -
eral ad van tages over RFLP (21,23). It re quires less
DNA, it is rapid (re sults are ob tained of ten within 24
hours), and does not re quire ra dio ac tive iso topes. How -
ever, it has two pos si ble dis ad van tages: the sus cep ti bil ity 
to con tam i na tion, and the fact that many of the PCR loci
have fewer al leles than minisatellite VNTRs. The first
fo ren si cally used PCR sys tem de tected the HLA-DQA1
lo cus, a re gion known to be part of the hu man
histocompatibility sys tem. The kit was de vel oped by the
Cetus Cor po ra tion (Emery ville, CA, USA) and mar keted
by the Perkin Elmer Corpo ration (Norwalk, CT, USA).
The DQA1 typ ing sys tem re lied on the probes to de tect
vari a tion in the DNA se quence that was pre vi ously de -

tected us ing an ti bod ies to pro teins. The orig i nal sys tem
had six al leles. When test ing ev i dence, ap prox i mately
16% of the time two in di vid u als in a case would be the
same type, which lead to a need for ad di tional PCR based 
typ ing sys tems. As in the RFLP sys tem, the orig i nal tests
were based on se quence vari a tion. Re searchers soon
found an abun dant class of VNTR polymorphisms with
small re peats (2 to 9 re peats). This class of VNTR loci is
re ferred to as short tan dem re peats (STRs), or
microsatellite re peats to dif fer en ti ate them from the
larger VNTRs de tected by RFLP and some PCR based
typ ing sys tems called large tan dem re peats (LTRs) or
minisatellites. The sys tems cho sen for fo ren sic test ing
have pri mar ily 4 bp (tetra nucleotide) re peats that are re -
peated from 5 to ap prox i mately 50 times, de pend ing on
the loci (24,25). These STRs are very small in size
(100-400 bp) and are very help ful in an a lyz ing de graded
DNA, in com par i son with RFLP bands that can vary in
length from 500 to 12,000 bps.

In the USA, 13 STR loci were cho sen for use  in a
na tional da ta base of con victed of fend ers (26). This da ta -
base is re ferred to as the Com bined DNA Indexing Sys -
tem, CODIS. It was orig i nally lim ited to con victed sex
of fend ers but has been ex panded in some ju ris dic tions.
The 13 CODIS loci were cho sen to over lap other sets of
loci cho sen by Fo ren sic Sci ence Ser vices in the United
King dom for their na tional da ta base and or ga ni za tions
such as INTER POL.

The new STR based typ ing sys tems have sev eral ad -
van tages. The first is that mul ti ple loci are am pli fied si mul -
ta neously (mul ti plex re ac tions). The sec ond is that these
test sys tems can be di rectly de tected with out the use of
probes. One primer from each set of prim ers has a flu o res -
cent la bel at tached to it, such that the PCR multiplexes can
be de tected us ing dif fer ent wave lengths of light. This al -
lows si mul ta neous elec tro pho re sis and de tec tion of eight to
ten loci at a time (27). Fur ther, the use of flu o res cence
makes the sys tems ame na ble to au to mated de tec tion. Com -
mer cial kits are avail able to go with the dif fer ent au to mated
de tec tion sys tems.

A re view of ba sic PCR tech nol ogy and STR PCR
tech nol ogy and their ap pli ca tion to fo ren sic test ing can
be found in refs. 26 and 28.

Ge net ics Rules and Sta tis ti cal Con sid er ations

The dis tri bu tion (seg re ga tion) of pa ren tal ge no types 
in off spring de pends on the com bi na tion of the al leles in
the par ents. In each case, they re fer to a given gene lo cus.

Men de lian In her i tance
Men del’s laws state the ex pected dis tri bu tion of al -

leles in the off spring of a spe cific mat ing. Men de lian in -
her i tance con sists of three laws:

1. The cross. If a ho mo zy gous A,A fa ther mates
with a ho mo zy gous B,B mother, all off spring must be
het ero zy gous for al leles A and B; noted as A,B.

2. The intercross/seg re ga tion. If two het ero zy gous
A,B par ents mate, the fol low ing ge no types will oc cur: A,A, 
A,B and B,B at the ra tio of 1:2:1, re spec tively. This law also 
states that the two mem bers of a gene pair sep a rate (seg re -
gate) from each other dur ing mei o sis, with 50% of ga metes
car ry ing one al lele (A) whereas 50% of ga metes carry the
other al lele (B).
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3. In de pend ent as sort ment. When the mat ing in di -
vid u als have more than one seg re gat ing lo cus, they are
ge net i cally un linked, i.e., each lo cus seg re gates in de -
pend ently. This law in di cates that the sep a ra tion of al -
leles at one lo cus dur ing mei o sis is in de pend ent of the
other (Fig. 1).

Rules of Par ent age Testing
Men del’s laws are used to cre ate four rules for par -

ent age test ing:
1. The child can not have a ge netic marker that is ab -

sent in both par ents.
2. The child must in herit a pair of ge netic mark ers

from each par ent.
3. The child can not have a pair of iden ti cal ge netic

mark ers un less both par ents have the marker.
4. The child must have the ge netic marker that is

pres ent as an iden ti cal pair in de pend ently in both par -
ents.

Hardy-Weinberg Equi lib rium
Gregor Men del de scribed the be hav ior of al leles in a 

mat ing. Sim i larly, the be hav ior of al leles in a pop u la tion
was in de pend ently de scribed by Hardy and Wein berg in
1908. The Har dy-Wein berg equi lib rium in di cates a pre -
dict able re la tion ship be tween al lele fre quen cies and ge -
no type fre quen cies at a sin gle lo cus (29). Thus, the sum
(Σ) of 3 al lele fre quen cies (z1, z2, and z3) is:

Σ=z1z1·z2z2·z3z3·2z1z2·2z1z3·z2z3=
=z1

2·z2
2·z3

2·2z1z2·2z1z3·2z2z3.
For ex am ple, if we sup pose that al leles Z1, Z2 and Z3

have fre quen cies or pro por tion of z1, z2 and z3, re spec -
tively, then the fre quen cies for the ho mo zy gous ge no -
types Z1,Z1;  Z2,Z2 and Z3,Z3 are, re spec tively, z1·z1, z2·z2,
and z3·z3 and the fre quency of het ero zy gous ge no types
Z1,Z2, Z1,Z3 and Z2,Z3 are 2·z1z2, 2·z1·z3 and 2·z2·z3.

If the Hardy-Weinberg equi lib rium is cor rect, al lele
fre quen cies at a lo cus in a pop u la tion are con stant over
time. How ever, de par tures from Hardy- Weinberg equi lib -
rium can oc cur for sev eral rea sons:

1. sam pling er rors be tween gen er a tions due to a
small pop u la tion size, re ferred to as ran dom ge netic drift;

2. in breed ing caused by the inter-relatedness of par -
ents, re ferred to as non-random ge netic drift and lead ing
to a de crease in heterozygosity;

3. mi gra tion of genes from one pop u la tion to an -
other, which changes the fre quen cies and af fect the
Hardy-Weinberg equi lib rium un til a new equi lib rium is
reached;

4. mu ta tion or changes in an in her ited al lele, which
af fect al lele fre quen cies; and

5. nat u ral se lec tion, which can in crease the fre quen cy 
of an al lele over time. Children with this al lele have a
higher chance of sur viv ing than chil dren with other al -
leles. Ex am ples of this are G6PD de fi ciency or
thalassemia in ar eas with ma laria.

Link age Equi lib rium

Link age equi lib rium is the con cept that al leles on
in de pend ent loci will be dis persed in a pop u la tion as a
multi-locus Hardy-Weinberg equi lib rium. If loci are
close to each other on the same chromosome, they are in
ge netic equi lib rium. Al though mix ing pop u la tions can
reach Hardy Weinberg equi lib rium, genes on the same
chro mo some reach equilibrium based on the ge netic dis -
tance and the de gree of re com bi na tion (re ar range ment)
be tween the loci. On the other hand, if there is a mix of
two pop u la tions that have many dif fer ent loci and their
al leles have mark edly dif fer ent fre quen cies, as so ci ated
al leles that are not ge net i cally linked can be con sid ered
to be in a sta tis ti cal link age dis equi lib rium. In prac tice,
this lat ter type of dis equi lib rium is dif fi cult to dem on -
strate at the pop u la tion level. How ever, it is pos si ble that
it can be dem on strated in spe cific in di vid u als that are re -
cently in tro duced into a pop u la tion.

DNA Ev i dence in the Court

In the USA, sci en tific ev i dence falls into the realm of
the ex pert wit ness as op posed to a lay wit ness. A lay wit -
ness can only tes tify to things they have seen or in some
cases heard. An ex pert wit ness is al lowed to ex press an
opin ion, based on the knowl edge and ex pe ri ence the ex -
pert pos sesses (30). This is gen er ally con sid ered to be out -
side the scope of knowl edge of a reg u lar or lay per son. Ex -
pert wit nesses can in clude in di vid u als who re ceived the
ev i dence as part of what is re ferred to as “chain of cus -
tody”, per formed a spe cific test, such as a DNA test, or
have de tailed the o ret i cal knowl edge about DNA or drug
test ing. The fact that an ex pert did the test ing does not
mean that ev i dence is au to mat i cally ad mit ted. Normally
there is a re quire ment to of fer some proof that the pre sented
ev i dence is re li able and pro vides use ful in for ma tion.

In the USA, two ma jor stan dards ex ist for de cid ing if
the sci en tific find ing will be ad mit ted into ev i dence: the
“gen eral ac cep tance” test and “sound meth od ol ogy” stan -
dard. For the first, the the ory and meth od ol ogy used must
be gen er ally ac cepted in the sci en tific com mu nity. How
dif fi cult it is to ap ply this rule is shown by the case of
Kelly vs. State, where, prior to ad mit ting an RFLP VNTR
pro file match, five ex perts had to an swer a ques tion asked
by a de fense ex pert “Is ra dio ac tive tech nol ogy too new to
be gen er ally ac cepted in the sci en tific com mu nity?” (31).
The “sound meth od ol ogy stan dard” al lows a much
broader frame work for de cid ing whether the pro posed tes -
ti mony has suf fi cient sci en tific va lid ity and re li abil ity.

The Coun cil of Eu rope, Com mit tee of Min is ters, on
Feb ru ary 10th, 1992, dur ing the 470th meet ing, pub -
lished the Rec om men da tion No. 92 on the use of DNA
anal y sis within the frame work of the crim i nal jus tice
sys tem (32). Some of the most im por tant rec om men da -
tions are:
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Fig ure 1. An ex am ple of a mat ing of two par ents het ero zy gous
for A and B al leles at lo cus 1, and C and D at lo cus 2. Ge no types
re sult ing from this mat ing are: A C; A C,D; A D; A,B C; A,B
C,D; A,B D; B C; B C,D; and B D at the ra tio 1:2:1:2:4:2:1:2:1,
re spec tively.



1. Sam ples col lected for DNA anal y sis and the in -
for ma tion de rived from such anal y sis for the pur pose of
the in ves ti ga tion and pros e cu tion of crim i nal of fences
must not be used for other pur poses. How ever, where the
in di vid ual from whom the sam ples have been taken so
wishes, the in for ma tion can be given to him/her.

2. Sam ples col lected from liv ing per sons for DNA
anal y sis for med i cal pur poses, and the in for ma tion de -
rived from such sam ples, may not be used for the pur -
poses of in ves ti ga tion and pros e cu tion of crim i nal of -
fences un less in cir cum stances laid down ex pressly by
the do mes tic law.

3. Bi o log i cal sam ples or other body tis sues taken
from in di vid u als for DNA anal y sis should not be kept af -
ter the ren der ing of the fi nal de ci sion in the case for
which they were used, un less it is nec es sary for pur poses
di rectly linked to those for which they were col lected.

Cro atian Crim i nal Law, Ar ti cle 265, Sec tion 5,
states that, dur ing the pre trial phase, the court may re -
quest ge netic anal y sis of the sam ples iso lated from the
in di vid ual who is sus pected to have com mit ted a crime in 
which the form of pun ish ment is prison sen tence (33).
This law also states that, af ter anal y sis, the data col lected
may be re tained for ten years if the per son has been con -
victed of one of the fol low ing crimes: se ri ous of fences
against life, in teg rity and se cu rity of per sons, and sex ual
free dom. Here it is im por tant to em pha size that the Min -
is ter of Health de ter mines all pro ce dures for ev i dence
col lec tion, stor age, and anal y sis.

The use of DNA typ ing to iden tify hu man re mains
in Croatia has led to the ap pli ca tion of DNA anal y sis in
pa ter nity and crim i nal cases. Since DNA tech nol ogy was 
in tro duced to the Split- Dalmatian County Mu nic i pal
courts in 1994, more than 100 re quests for pa ter nity iden -
ti fi ca tion have been re ceived, out of which 76 cases have
been tested (2 in 1994, 11 in 1995, 17 in 1996, 11 in 1997, 
7 in 1998, and 28 in 1999). DNA anal y sis ex cluded 11
falsely ac cused al leged fa thers.

In the past 6 years, DNA re sults have been ad mit ted
into ev i dence in al most all courts in Croatia. In ter est -
ingly, the pa ter nity in one case was con firmed by the
anal y sis of DNA iso lated from par af fin em bed ded tis sue
that be longed to an aborted fe tus. In all cases of falsely
ac cused men, the ex clu sion was made by an a lyz ing more 
than three al leles. 

Thus far, the Lab o ra tory for Clin i cal and Fo ren sic
Ge net ics at Uni ver sity Hos pi tal Split has an a lyzed more
than 150 sam ples from crim i nal cases. One of the first
crim i nal cases in Croatia where DNA tech nol ogy was
suc cess fully used was an ex plo sion ac ci dent in mil i tary
bar racks near Zagreb. Split Clin i cal and Fo ren sic Ge net -
ics Lab o ra tory suc cess fully tested more than 30 sam ples
from that event.

Pa ter nity (Par ent age) Testing

The ba sic func tion of all fo ren sic test ing, whether
par ent age test ing or iden ti fi ca tion, is to ex clude the max -
i mum num ber of in di vid u als pos si ble. This is done in
par ent age test ing by iden ti fy ing the ob li gate al lele and
de ter min ing if the al leged or pu ta tive fa ther has this al -
lele (for ex pos i tory pur poses the ques tioned fa ther will
be called the al leged fa ther) (34). The ob li gate al lele is

the al lele that had to come from the bi o log i cal fa ther. For
ex am ple, if a mother is type A,A and the child is type
A,B, the bi o log i cal fa ther must have con trib uted the B al -
lele to the child. Un less dem on strated to the con trary by
the vi o la tion of Men de lian in her i tance, the mother is as -
sumed to be the mother of a child. If the al leged fa ther
has the “B” al lele as ei ther a homo zygote (two B al leles)
or a heterozygote (one B al lele), he can not be ex cluded.
If the al leged fa ther does not have the “B” al lele, he could 
not give it to the child, and is there fore ex cluded. An ex -
cep tion to this would be if the mu ta tion of A to B is rel a -
tively com mon. If the mother is type A,B and the child is
A,B then the ob li gate al leles are A and B and the bi o log i -
cal fa ther could con trib ute ei ther an A or a B al lele. Any
al leged fa ther that has A or B can not be ex cluded. If,
how ever, the al leged fa ther were type C,C or any other
non-A, non-B ge no type he would be ex cluded. In this
case there would be two ob li gate al leles.

Math e mat ics and Pa ter nity
If an al leged fa ther is not ex cluded, the weight of

this ev i dence to ward pa ter nity can be cal cu lated. The
weight of the ev i dence is the rel a tive chance that the al -
leged fa ther gave the child the ob li gate al lele when
com pared to an un re lated in di vid ual in the pop u la tion.
The rel a tive chance of the al leged fa ther trans mit ting
the ob li gate al lele ver sus an un re lated in di vid ual in the
pop u la tion is re ferred to as the Sys tem or Pa ter nity In -
dex (SI or PI). The Sys tem or Pa ter nity In dex is a “like -
li hood ra tio”, i.e., the ra tio of the chance that the al leged 
fa ther ver sus the pop u la tion gave a gene. Men del’s laws 
de ter mine the like li hood or chance that the al leged fa -
ther can give the ob li gate al lele. If the fa ther is ei ther
ho mo zy gous for the ob li gate al lele or has both ob li gate
al leles, his like li hood of trans mit ting the ob li gate al lele
is 1.0 (2/2). If the al leged fa ther has only one copy of the 
ob li gate al lele, or only one of the two ob li gate al leles,
his like li hood of trans mit ting the ob li gate al lele(s) will
be 0.5 (1/2). The SI or PI for a given lo cus is the like li -
hood that the al leged fa ther can trans mit the al lele di -
vided by the fre quency of the ob li gate al lele(s). Thus,
SI or PI will be ei ther 1/p or 0.5/p, de pend ing on the
num ber of ob li gate al leles the al leged fa ther has. If
there are two ob li gate al leles as de ter mined by the types
of the mother and child, p will be cal cu lated us ing the
for mula p=p1+p2, and SI will be 1/(p1+p2) or 0.5/
(p1+p2). SI is cal cu lated for each lo cus that was tested.
The rules of prob a bil ity the ory de ter mine how SIs are
com bined to de ter mine the com bined like li hood of pa -
ter nity. This is called ei ther the Pa ter nity In dex (PI) if
the term SI is used, or the Com bined Pa ter nity In dex
(CPI) if the term PI is used.

Pa ter nity In dex or Com bined Pa ter nity In dex
The rules of com bin ing prob a bil i ties are quite sim -

ple. If one is in ter ested in the com bined prob a bil ity of the 
char ac ter is tics A and B and C, then the in di vid ual prob a -
bil ity of A and B and C are mul ti plied. If one is in ter ested 
in the com bined prob a bil ity of A and B, then the in di vid -
ual prob a bil i ties are added. There fore the like li hood that
the al leged fa ther gave lo cus 1*A, lo cus 2*C, and lo cus
3*E to one child is the prod uct of the like li hood for
1*A·2*C·3*E. There fore, mul ti ply ing all of the in di vid -
ual like li hood ra tios gen er ates the PI or CPI. For a rea -
son able bat tery of tests this num ber should eas ily ex ceed
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400 to 1,000. The PI or CPI ba si cally states that the al -
leged fa ther is 400 or 1,000 times as likely to be the bi o -
log i cal fa ther of the child as an un re lated man from the
same pop u la tion. In Ger many, a min i mum PI or CPI of
1,000 is re quired, whereas in the United States the re -
quired PI or CPI can be less than 100. Since many in di -
vid u als have a hard time re lat ing to a like li hood ra tio and
in ter pret ing it, an al ter na tive way of pre sent ing the data
is to con vert the like li hood ra tio to the prob a bil ity of pa -
ter nity.

Prob a bil ity of Pa ter nity

An 18th cen tury math e ma ti cian Bayes de vel oped a
the o rem to es ti mate the prob a bil ity of event oc cur ring
even when the event can not be di rectly mea sured. This is
the ba sis of Bayesian math e mat ics that is widely used,
es pe cially in fields such as ge netic coun sel ing, to es ti -
mate the risk of hav ing an af fected child. Bayes’ for mula
for the es ti ma tion of an event oc cur ring is as fol lows:

Bayes For mula=
X p

X p y p

•

• + -( )1

where X is the like li hood that an event will oc cur, Y
is the like li hood that it will not oc cur, p is the prior prob a -
bil ity that X will oc cur, and 1-p is the prior prob a bil ity
that it will not oc cur.

There are sev eral con straints on Bayes’ for mula.
One is that it is ex haus tive, i.e., that it must in clude all
of the op tions in the uni verse. In the case of pa ter nity
test ing, X is the com bined like li hood that the al leged
fa ther trans mit ted all of the ob li gate al leles and con -
sists of the prod uct of all of the 0.5 and 1.0 val ues for
each lo cus. Y is the com bined like li hood or chance
that some un re lated per son in the pop u la tion is the bi o -
log i cal fa ther and the prod uct of all of the ob li gate al -
lele fre quen cies. Prior prob a bil ity is the prob a bil ity
(like li hood) that the event in ques tion could oc cur
with out any knowl edge of cur rent out come. In this
case it is the like li hood that the al leged fa ther is the bi -
o log i cal fa ther be fore there are any lab o ra tory test re -
sults. There are many pos si ble ways to cal cu late the
prior prob a bil ity that the al leged fa ther is the bi o log i -
cal fa ther. One could as sume that it is the lab o ra tory in -
clu sion rate that is ap prox i mately 70%. One could also 
as sume that it is the num ber of el i gi ble males in the
area of con cep tion. By con ven tion it is as sumed that
the al leged fa ther is equally likely to be or not to be the
bi o log i cal fa ther. This is the so-called neu tral prior
prob a bil ity. Thus the prior prob a bil ity is 0.5. Some
stat is ti cians be lieve that the prior prob a bil ity should
be cal cu lated by di vid ing the de sired out come by the
to tal num ber of pos si ble out comes, e.g., the prior prob -
a bil ity of get ting a sin gle dot on a dice (half of a pair of
dice) is 1/6, whereas the prior prob a bil ity of get ting a
head on a coin is 1/2. Since for par ent age test ing there
are only two pos si ble out comes – he is or he is not the
bi o log i cal fa ther – the prior prob a bil ity is 1 over the
two pos si ble op tions or 0.5, in di cat ing that the “neu tral 
prior” may be the cor rect prior. If the value of 0.5 is
cho sen for the prior prob a bil ity, the for mula re duces to 
a for mula that uses the PI (CPI):

Trans mis sion Prob a bil ity of Pa ter nity (p=0.5)=

[ ]
1

1 1+ ( / )PI CPI

The prob a bil ity of pa ter nity is the prob a bil ity that
the al leged fa ther is the bi o log i cal fa ther of the child.
There fore, if the PI (CPI) is 400, then the prob a bil ity that
the al leged fa ther is the bi o log i cal fa ther is 0.9975, or
99.75%. In con trast, the prob a bil ity that the al leged fa -
ther is not the bi o log i cal fa ther is 0.0025 or 0.25%. This
lat ter value is 1 in 400, or the re cip ro cal of PI.

Ge netic In for ma tion of the Test or the
Ran dom Man Not Ex cluded (RMNE)

The Pa ter nity In dex and the prob a bil ity of pa ter nity
deal with the Men de lian like li hood that the al leged fa ther 
is the bi o log i cal fa ther of the child. An al ter na tive as sess -
ment of the same in for ma tion is to ask how much ge netic
in for ma tion is pres ent in this mother-child pair; how
pow er ful is the test at pre vent ing the false in clu sion of an
al leged fa ther. This is sim i lar to the sta tis ti cal con cept of
the power of a test. Ideally the test should be as pow er ful
as prac ti cal, to ex clude all falsely ac cused al leged fa -
thers. We know that there are falsely ac cused al leged fa -
thers be cause ap prox i mately 30% of al leged fa thers are
ex cluded world wide (35).

The power of a pa ter nity test can be de ter mined by
the cal cu la tion of the Ran dom Man Not Ex cluded or
RMNE. This sta tis tics is com pa ra ble to the pop u la tion fre -
quen cies cal cu lated for fo ren sic iden ti fi ca tion (see be -
low). The RMNE is the pro por tion of the pop u la tion that
could con trib ute all of the ob li gate al leles and there fore
could not be ex cluded, or would be falsely in cluded. This
term is used to de scribe the fre quency of those in di vid u als
who can not be ex cluded by chance. The for mula for the
sin gle lo cus RMNE is: p2+2p(1-p) or, sim pli fied, 1-(1-p)2.
The Com bined Ran dom Man Not Ex cluded (CRMNE) is
anal o gous to the PI or CPI, i.e., it is the prod uct of the in di -
vid ual val ues. The value of the CRMNE is nor mally quite
small, such as 0.0025. It is eas ier to re fer to the re cip ro cal
of this num ber (1-CRMNE), which is of ten re ferred to as
the Prob a bil ity of Ex clu sion. How ever, since the term
“Prob a bil ity of Ex clu sion” can be con fused with the “Prob -
a bil ity of Pa ter nity”, a less con fus ing term is the
Exclusionary Power (EP) or Power of Ex clu sion (PE). EP
(PE) rep re sents the prob a bil ity of ex clud ing a falsely ac -
cused man. It turns out that if a prior prob a bil ity of 0.5 is
used, the EP (PE) is also the Bayesian Prob a bil ity of Pa ter -
nity un der what can be called A non-exclusion model. To
avoid con fu sion with the “Prob a bil ity of Pa ter nity” de rived
from the in her i tance model, this should be re ferred to as the
“Non-exclusion Prob a bil ity of Pa ter nity” or the Weiner
Prob a bil ity of Pa ter nity, af ter the sci en tist who pro posed it
in 1976 (36). The non-exclusion prob a bil ity of pa ter nity
has some ad van tages over the stan dard prob a bil ity of pa -
ter nity (37). The big gest ad van tage of this method is that it 
al ways in creases with the num ber of tests per formed and
is to tally anal o gous to the pop u la tion fre quen cies used in
fo ren sic iden ti fi ca tion pro files. The tra di tional prob a bil ity 
of pa ter nity (al lele trans mis sion prob a bil ity of pa ter nity)
can de crease if the al leged fa ther is het ero zy gous and the
mother and child are the same het ero zy gous type, con sist -
ing of two com mon al leles, such that p1+p2 is greater than
0.5.
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Ta ble 1 pres ents an ex am ple of a pa ter nity ex am i na -
tion. The ob li gate al leles, gen er ated af ter the ex am i na tion
of the types of the mother and child, are bold faced in the
ta ble. A col umn with all of the ob li gate al leles is shown, as 
is the pres ence of all of the ob li gate al leles in the al leged
fa ther. The col umn “p” is the al lele fre quency for each al -
lele, based on a Cro atian da ta base (M. Kubat, per sonal
com mu ni ca tion). RMNE is cal cu lated us ing the for mula
from above. “X” is the like li hood that the AF can trans mit
the ob li gate al lele and is de ter mined by the fa ther’s type.
The SI is de ter mined by X/p. For the lo cus D5S818, the
mother and child are the same, cre at ing two ob li gate al -
leles and an SI close to one. The com bined val ues are pre -
sented at the bot tom of the ta ble. For the com plete trio, the
al leged fa ther is ap prox i mately 200,000 times as likely to
be the fa ther as an un re lated Cro atian male. This trans lates
to a 99.9995% prob a bil ity of pa ter nity. Looking at the
RMNE side, there is a 99.9996% chance of ex clud ing a
falsely ac cused fa ther. Thus, for this case, the prob a bil ity of
pa ter nity based on al lele trans mis sion and the prob a bil ity of 
pa ter nity based on non-exclusion are iden ti cal.

Oc ca sionally it is nec es sary to do a pa ter nity test in
the ab sence of the mother. In Ger many, this is re ferred to
as a de fi cient test since not all par ties are pres ent. There is
sig nif i cant loss of in for ma tion in the ab sence of the
mother. The for mula used to cal cu late the fre quency of
po ten tial moth ers in a given pop u la tion is:

RMNE=p2+q2+2pq+2p (1-p-q) +2q (1-p -q ) =
=(p+q)2+2(p+q)(1-p-q).

Sim i larly, the SI is cal cu lated dif fer ently. In the case 
of an ab sent par ent there is a spe cific for mula for each
child-alleged par ent phe no type set. The for mu las taken
from Brenner (39) are pre sented in Ta ble 2.

To dem on strate the loss of in for ma tion and dif fer ences
in re sults, the pa ter nity case in Ta ble 1 was re cal cu lated with -
out the data on the mother, us ing the ap pro pri ate for mu las
from Ta ble 2. The re sults are pre sented in Ta ble 3, us ing the
same for mat as in Ta ble 1. The first thing to note is that the
Ex clu sion Power is de creased ap prox i mately 1,700 fold,
whereas CPI de creases only by ap prox i mately 60 fold, in di -
cat ing the dif fer ences be tween the two meth ods of cal cu lat -
ing prob a bil i ties of pa ter nity. In gen eral, the RMNE method
pro vides a more con ser va tive es ti ma tor of re la tion ship. The
ra tio of the com bined like li hoods taken from Ta ble 1 is ba si -
cally 0.805 (Trans mis sion/RMNE), whereas the same ra tio is 
6.08 in Ta ble 3, in di cat ing that the trans mis sion method pro -
duces re sults that are ap prox i mately 6 times larger than the
RMNE method when the mother is miss ing.

Ma ter nity Iden ti fi ca tion

Oc ca sionally a child is found aban doned or dead
and the ques tion arises who the mother of the child is.
Un like the sit u a tion of pa ter nity iden ti fi ca tion, here there 
is no knowl edge about the mother or fa ther of the child.
There fore, as is done in other fo ren sic ev i dence, the ge -
netic pro file of the child is the ev i dence. If the child is
het ero zy gous at a given lo cus, there are two dif fer ent ob -
li gate al leles. In con trast, if the child is ho mo zy gous at a
given lo cus, there is only one ob li gate al lele.

The for mula used to cal cu late the RFNE which
stands for “Ran dom Fe male Not Ex cluded” is the same

for mula used for the RMNE when the mother is miss ing.
If the mother does not have ei ther of the two al leles that
the child has, the mother is ex cluded. But if the mother has 
even a sin gle al lele that the child has, she can not be ex -
cluded. If this re sult holds for all tested loci, then the al -
leged mother can not be ex cluded. The Combined Ran dom 
Fe male Not Ex cluded (CRFNE) is the prod uct of all of the
in di vid ual RFNEs and rep re sents the per cent age of fe males 
in the pop u la tion that could not be ex cluded by chance, or
that could be falsely in cluded. The in verse, or 1/CRMNE
will gen er ate the num ber of women that would have to be
tested to find a co in ci den tal match. If a Bayesian prob a bil -
ity of ma ter nity is needed, 1-CRFNE is the Bayesian prob a -
bil ity of ma ter nity as above.

Al ter na tively, it is pos si ble to cal cu late a ma ter nity
in dex based on al lele trans mis sion, sim i lar to the SI or PI
seen above, and con vert that to a Bayesian prob a bil ity.
The same for mu las pre sented in Ta ble 2 ap ply to cal cu -
lat ing a ma ter nity in dex in the ab sence of a fa ther. 

Ta ble 4 is an ex am ple of ma ter nity iden ti fi ca tion. The 
child from the case in Ta ble 1 is used again. Since the
child’s pro file gen er ates the RMNE/RFNE, they are iden -
ti cal in the pa ter nity case with out the mother in Ta ble 3
and the ma ter nity case in Ta ble 4. How ever, due to the
dif fer ent shared al leles, SIs and com bined PI are dif fer -
ent. In this case the trans mis sion method is approx i -
mately 9 times greater than the RFNE method. It should
be noted that even with the loss of in for ma tion in both the
moth er less (Ta ble 3) and fa ther less (Ta ble 4) ex am ples,
the prob a bil ity of par ent age, even when the most con ser -
va tive method is used (e.g., RMNE/RFNE) is greater than
99%, in di cat ing that iden ti fi ca tion of par ents can still be
made.

Mixed Pop u la tions Cal cu la tions
For the cal cu la tion of a pa ter nity in dex, it is cus tom -

ary to use the pop u la tion fre quen cies of the al leged fa ther
or mother. If the al leged fa ther or mother at trib utes their
back ground to be a mix ture of two di verse pop u la tions,
such as Cro atian and Sub-Saharan Af ri can, then the value
of p used should be the av er age of the two pop u la tion
frequencies if they are avail able. On the other hand, if the
ques tioned par ent states that he or she is Ital ian, and only a 
Cro atian da ta base is avail able, the ef fect on the re sults will 
be neg li gi ble. The RMNE/RFNE is cal cu lated as de -
scribed above, de pend ing on the case.

In re al ity, al most all hu man pop u la tions are to some
ex tent mixed with other pop u la tions over their his tory. Al -
leles spe cific for Cen tral Asia, North ern Asia, and Af rica
can be found in Eu ro pean pop u la tions due to the his tor i cal
in fu sion of genes by Mongols and other Asian vis i tors, as
well as the pres ence of Af ri can slaves in many pop u la -
tions. Spe cial ac com mo da tions do not need to be made for 
these his tor i cal events as they will be rep re sented in pop u -
la tion sam ples. If the sub ject of the in ves ti ga tion is not a
na tive but rather a tour ist from, for ex am ple, Puerto Rico,
it would be use ful if a Puerto Ri can da ta base could be
used. How ever, if a pop u la tion spe cific da ta base is not
avail able, there is an er ror cre ated by not us ing the ap pro -
pri ate da ta base, though at the pres ent time the mag ni tude
of er rors for STRs has not yet been pub lished. If the struc -
ture of the pop u la tion in ques tion is known, a syn thetic
fre quency could be cal cu lated us ing the pro por tional
weighted fre quen cies of the con stit u ent pop u la tions.
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Iden ti fi ca tion of Hu man Re mains

A va ri ety of meth ods are avail able to iden tify hu -
man re mains. De pending on the cir cum stances and the
state of the re mains, the most com mon meth ods in clude
iden ti fi ca tion of re mains by a liv ing per son who knew
the de ceased vic tim by di rect fa cial rec og ni tion, or rec -
og ni tion of spe cial fea tures, such as scars or marks (tat -
toos), match ing of fin ger prints (if pre mor tem inked
prints are avail able), dentition, and DNA.

In war, when a large num ber of bod ies are of ten bur -
ied in com mon graves and premortem data are un avail -
able, the iden ti fi ca tion is much more dif fi cult (40). The
de vel op ment of genomic and mi to chon drial DNA tech -
nol ogy has pro vided the fo ren sic com mu nity with a valu -
able new tool for es tab lish ing per sonal iden ti fi ca tion.
Be cause of the ad vanced de com po si tion of many bod ies
found in the war or mass di sas ter sit u a tions, fo ren sic sci -

en tists use iden ti fi ca tion by DNA typ ing from skel e tal
re mains (41). Bone sam ples are more likely to per sist due 
to their phys i cal du ra bil ity. It also ap pears that con di -
tions within bones are rel a tively fa vor able for the pres er -
va tion of DNA (41). Sev eral au thors note the im por tance
of DNA ex trac tion meth ods prior to DNA am pli fi ca tion
and analysis to in crease the per cent age of iden ti fi ca tion
(43-46). Fur ther more, it has been sug gested that mtDNA
is the method of choice when some one is work ing with
highly de graded ev i dence. How ever, fol low ing the mod i -
fi ca tion of the stan dard DNA ex trac tion pro ce dure, and
repurificating the ex tracted DNA with NaOH, we found
that the per cent age of suc cess ful iden ti fi ca tions us ing
genomic DNA in creased up to 85% (47-49). Also, we
ob served that den tal sam ples yielded en hanced re sults in
20-30% of cases when com pared with re sults ob tained
from the long bones (47).

Iden ti fi ca tion of Re mains Using Par ents

The ma te rial pre sented in the sec tions on pa ter nity
and ma ter nity have to do with the iden ti fi ca tion of one or
more par ents of a liv ing in di vid ual. When we have un -
iden ti fied re mains of an in di vid ual, it is still pos si ble to
iden tify them if ei ther the par ents or the chil dren of the
sus pected in di vid ual are avail able for test ing. There are
two sets of cir cum stances that can lead to the sit u a tion
where it is nec es sary to es tab lish iden tity by re con struc -
tion. The first is that of a miss ing per son, sus pected to be
dead but no body re cov ered (e.g., when a blood stain is
found in some one’s apart ment, the per son is miss ing and
no body is re cov ered). Does the blood stain found at the
sus pected crime scene be longs to the per son who lived

Primorac at al: Le gal Ap pli ca tions of Fo ren sic DNA TestingCroatian Med J 2000;41:32-46

39

Ta ble 1. Ex am ple of a com plete pa ter nity ex am i na tiona

Loci Mother Child Obligate
allele

Alleged
father p (Y) RMNE X SI 

D3S1358 15,16 15,18 18 16,18 0.1400 0.2604 0.50  3.571

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 0.50  3.175

THO1 9    8,9  8  7,8 0.1150 0.2168 0.50  4.348

TPOX 6,7 6,11 11 11 0.2675 0.4634 1.00  3.738

CSF1PO 11,13 10,11 10 10,12 0.2750 0.4744 0.50  1.818

D5S818 10,12 10,12 10 11,12 0.0487FBI   

12 0.3875 0.6821 0.50  1.146

D13S317 11  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  3.571

AMEL X,X X,Y  X,Y 

Combined 3.64 x 10-6 221,234

Exclusion power 99.99964%

Likelihood 274,697

Prob a bil ity of pa ter nity 99.9996% 99.9995%

aAb bre vi a tions: p (Y) = al lele fre quency for each al lele or ob li gate al lele based on Cro atian or FBI da ta base. FBI in di cates fre quen cies taken from the Eu ro -
pean FBI da ta base (38). RMNE (ran dom man not ex cluded) = the pro por tion of the pop u la tion that could con trib ute all of the ob li gate al leles and there fore
could not be ex cluded. X = like li hood that the al leged fa ther can trans mit the ob li gate al lele, de ter mined by the fa ther’s type. SI (sys tem in dex) = like li hood
that the al leged fa ther can trans mit the al lele di vided by the fre quency of the ob li gate al lele (SI=X/p). Ob li gate al leles are writ ten in bold.

Ta ble 2. For mulas for the cal cu la tion of the sys tem in dex (SI)
with a par ent miss ing (39)a

Child’s alleles Parent’s alleles       SI

A,B B,C    1/4b

A,B A    1/2a

 A A,B    1/2a

A A    1/a 

A,B A,B   (a+b)/4ab

aA, B, and C are al leles, and a and b are al lele fre quen cies.



there and who is the child of two known in di vid u als? The 
sec ond cir cum stance oc curs when re mains are re cov -
ered, whether a sin gle ho mi cide or from a mass grave,
which can not be iden ti fied by non-genetic meth ods.

In the pro cess of iden ti fy ing re mains, the cal cu la -
tion is a lit tle bit dif fer ent when com pared with stan dard
pa ter nity iden ti fi ca tion. Rather than de ter min ing the fre -
quency of a sin gle ob li gate al lele in the pop u la tion of po -
ten tial fa thers or mother (RMNE or RFNE), it is nec es -
sary to de ter mine the fre quency of one ob li gate al lele in
each of two par ents. Going back to the rule of com bin ing
prob a bil i ties or like li hoods, the prob a bil ity of get ting
one par ent with al lele A and a sec ond par ent with al lele
B, is the fre quency of pos si ble par ents with al lele A times 
the fre quency of pos si ble par ents with al lele B. In prac -
tice, this is done by ob tain ing the RMNE/RFNE for each
al lele and then mul ti ply ing the re spec tive RMNE for the
first al lele times the RFNE for the sec ond al lele to ob tain
the like li hood of get ting two par ents that have those al -
leles. This is the Ran dom Par ents Not Ex cluded (RPNE).
Thus the for mula for cal cu lat ing RPNE for any two al -
leles, whether alike or dif fer ent would be
(p2+2p[1-p])x(q2+2q[1-q]). For ex am ple, us ing the lo cus

D3S1358 and a stain of the type D3S1358 15,17, with the
fre quen cies of 0.2425 and 0.1875, re spec tively, then the
like li hood of find ing two par ents, one with a D3S1358*15 
al lele and one with a D3S1358*17 al lele by chance
would be:

(0.24252+2·0.2425·0.7575)·(0.18752+2·0.1875
·0.8125)=0.4262·0.3398 =0.1448.

Thus about 14.5% of Cro atian par ents would not be
ex cluded. On the other hand, 85.5% of Cro atian par ents
would be ex cluded with this sin gle test. By mul ti ply ing
all of the in di vid ual RPNEs, the com bined RPNE or
CRPNE is cre ated, gen er at ing the rel a tive pop u la tion
fre quency or per cent age of pop u la tion of po ten tial par -
ents. Sim i larly, the like li hood in fa vor of the
non-excluded par ents is 1/CRPNE. The Bayesian prob a -
bil ity of par ent hood, us ing the non-exclusion method
and a prior prob a bil ity of 0.5 is 1-CRPNE.

Ta ble 5 de lin eates the iden ti fi ca tion of re mains from 
Bosnia be fore STR tech nol ogy was avail able (48). In this 
case, the pop u la tion of po ten tial par ents was cal cu lated
for each al lele in the RMNE col umn and mul ti plied to -
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Ta ble 3. Cal cu la tion of pa ter nity with the mother miss inga

Loci Child Obligate
allele Father p (Y) RMNE SI

D3S1358 15,18 15 16,18     0.2463FBI  

18     0.1400 0.6234  1.786

VWA 13,16 13 13,16     0.0100 0.3783 26.241

16     0.2015FBI

FGA 21,22 21 21,22     0.1735FBI

22     0.1575 0.5524   3.028
THO1 8,9 8 7,8     0.1150 0.4816   2.174

9     0.1650FBI

TPOX 6,11 6 11     0.0112FBI*

11     0.2675 0.4797   1.869
CSF1PO 10,11 10 10,12     0.2750 0.8198   0.909

11     0.3005FBI

D5S818 10,12 10 11,12     0.0487FBI  

12     0.3875 0.6821   0.645
D13S317 8,11 8 8,12     0.1550 0.7232   1.613

11     0.3189FBI

D7S820 8,12 8 9,12     0.1626FBI

12     0.1400 0.5136   1.786
AMEL X,Y  X,Y 
Combined 0.0063 974
Exclusion power 99.375%
Likelihood 160

Probability of    
   paternity 99.379% 99.897%

aAb bre vi a tions and sym bols: p (Y) = al lele fre quency for each al lele or ob li gate al lele based on Cro atian and FBI da ta base. FBI in di cates fre quen cies taken
from the Eu ro pean FBI da ta base (38); as ter isk in di cates “min i mum al lele fre quency” which is a con ser va tive es ti mate. RMNE (ran dom man not ex cluded)
= the pro por tion of the pop u la tion that could con trib ute all of the ob li gate al leles and there fore could not be ex cluded. SI (sys tem in dex) with a par ent miss -
ing is cal cu lated ac cord ing to for mu las given in Ta ble 2. A “min i mum al lele fre quency” is a con ser va tive es ti mate. A dis cus sion of the cal cu la tion of min i -
mum al lele fre quen cies is found in ref. 38. Ob li gate al leles are writ ten in bold.



gether to cre ate the RPNE for each lo cus. The data pre -
sented is based on test ing for DQA1 and Polymarker,
which pro vides less in for ma tion than the STR loci
(34,49,50). Thus the val ues are lower than those ob -
served in the pre vi ous ta bles. In this case, only 0.4% of
Cro atian cou ples could be the par ents of these re mains,
or 99.62% would be ex cluded. This con verts to a like li -
hood of ap prox i mately 260 to 1 in fa vor of these par ents
be ing the par ents of the re mains, and that there is a
99.62% cer tainty of pa ter nity by non-exclusion.

Iden ti fi ca tion of Re mains Using Children

If the miss ing per son is the fa ther of chil dren, a reg -
u lar pa ter nity ex am i na tion can be per formed as above. In 
Ta ble 6, NN, whose re mains were found, is sus pected to
be the fa ther of a child. When the mother is also avail -
able, this be comes a highly in for ma tive sit u a tion. The
test ing of the mother and child in di cate that 99.997% of
Cro atian non-father males would be ex cluded but the re -
mains NN were not ex cluded. Cal cu la tion of the SI and
PI in di cates that the re mains are ap prox i mately 45,000
times as likely to be the boy’s fa ther than an un re lated
Cro atian male, or by trans mis sion, there is a 99.998%
prob a bil ity that this is the child’s fa ther. By

non-exclusion there is 32,000 to 1 like li hood and a
99.9997% prob a bil ity of pa ter nity. Again, the two meth -
ods are in good agree ment, and it is rea son ably cer tain
that these re mains rep re sent the fa ther of the child in
ques tion.

Ad di tional read ing on the ap pli ca tion of DNA tech -
nol ogy to fo ren sic par ent age test ing can be found in
Schanfield (34).

Par ent age Iden ti fi ca tion ver sus Fo ren sic
Iden ti fi ca tion

In par ent age test ing, the fre quency of po ten tial par -
ents is de ter mined by the RMNE fre quency or the pop u la -
tion of po ten tial al lele do nors. In fo ren sic iden tity test ing
the equiv a lent pop u la tion sta tis tics is the fre quency of po -
ten tial phe no type (ge no type) do nors (34). Ta ble 7 com -
pares the re sults of a pa ter nity iden ti fi ca tion (RMNE=
(p2+2p[1-p]) ver sus a fo ren sic iden ti fi ca tion (2pq). In this
case the pop u la tion of do nors (RMNE) is ap prox i mately
seven times larger than the fo ren sic pop u la tion fre quency.
Thus, at one lo cus there is al most an or der of mag ni tude
dif fer ence be tween the fo ren sic iden ti fi ca tion and the pa -
ter nity iden ti fi ca tion.
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Ta ble 4. Cal cu la tion of ma ter nity with the fa ther miss inga

Loci Child Obligate allele Mother p (Y) RMNE SI
D3S1358 15,18 15 15,16 0.2463FBI  

18 0.1400 0.6234 1.015
VWA 13,16 13 16,19 0.0100 0.3783 1.241

16 0.2015FBI

FGA 21,22 21 20,21 0.1735FBI

22 0.1575 0.5524 1.441
THO1 8,9 8 9 0.1150 0.4816 3.030

9 0.1650FBI

TPOX 6,11 6 6,7 0.0112FBI*

11 0.2675 0.4797 22.321

CSF1PO 10,11 10 11,13 0.2750 0.8198 0.832

11 0.3005FBI

D5S818 10,12 10 10,12 0.0487FBI  

12 0.3875 0.6821 5.779
D13S317 8,11 8 11 0.1550 0.7232 1.568

11 0.3189FBI

D7S820 8,12 8 8,10 0.1626FBI

12 0.1400 0.5136 1.538
AMEL X,Y  X,X 
Combined 0.0063 1,422
Exclusion power 99.375%
Likelihood 160
Probability of maternity 99.3793% 99.93%

aAb bre vi a tions and sym bols: p (Y) = al lele fre quency for each al lele or ob li gate al lele based on Cro atian and FBI da ta base. FBI in di cates fre quen cies taken
from the Eu ro pean FBI da ta base (38); as ter isk in di cates “min i mum al lele fre quency” which is a con ser va tive es ti mate.  SI (sys tem in dex) with a par ent
miss ing is cal cu lated ac cord ing to for mu las given in Ta ble 2. As ter isk in di cates “min i mum al lele fre quency” used. A “min i mum al lele fre quency” is a con -
ser va tive es ti mate. A dis cus sion of the cal cu la tion of min i mum al lele fre quen cies is found in ref. 38. Ob li gate al leles are writ ten in bold.



The es ti mates in Ta ble 7 are based on a het ero zy -
gous phe no type. If the re sults were ho mo zy gous, the
Hardy-Weinberg equi lib rium es ti ma tor would be p2. This 
as sumes that there are no sig nif i cant de vi a tions from
Hardy-Weinberg equi lib rium due to substructuring or
other events. In the USA, the Na tional Re search Coun cil
rec om mended that to be con ser va tive a substructuring
cor rec tion should be added to all pop u la tions, even those
with out doc u mented sub struc tur ing, such as Croatia. The
Hardy-Weinberg equi lib rium es ti ma tor for a ho mo zy gous
in di vid ual then be comes p2+p(1-p).(0.01). In the ex am ple
in Ta ble 7, if the ev i dence is D3S1358 15, the
Hardy-Weinberg equi lib rium es ti ma tor would be
0.24255+0.2425 .0.7575.0.01=0.0606. The RMNE for a
ho mo zy gous in di vid ual is p2+2p(1-p). In the ex am ple in
Ta ble 6 the RMNE is 0.24252+2.0.2425.0.7575= 0.4262.
It is ap par ent that the abil ity to in di vid u al ize an item of
ev i dence is much eas ier than to in di vid u al ize a par ent.

The last step in the pro cess, as in par ent age test ing,
is to com bine all of the in di vid ual val ues to ob tain the
fre quency of the multi-locus genotypic ar ray or pro file.
Mul ti plying each of the in di vid ual lo cus genotypic fre -
quen cies does this.

Fo ren sic Iden tity Testing

The ob jec tive of fo ren sic iden tity test ing is to com pare
an ev i den tiary stain (blood, body fluid or tis sue) to a vic tim
or sus pect. If enough test ing is per formed, only the bi o log i cal 
do nor or his/her iden ti cal twin will not be ex cluded. When an 
item of ev i dence and a po ten tial do nor are con sis tent with
each other, the like li hood of a co in ci den tal match is cal cu -
lated to pro vide a weight to the ev i dence. For ex am ple, be -
fore DNA test ing, ABO blood types were used in sex ual as -
sault cases. If the vic tim is an O secretor, and the ev i dence
col lected is from an A secretor, then the do nor had to be an A

secretor. A sus pect was tested and found to be an A secretor,
and thus can not be ex cluded. Is this use ful in for ma tion or in
the le gal sense pro ba tive ev i dence? Since ap prox i mately
40% of the Eu ro pean pop u la tion se crete blood group A in
their body flu ids, this is not a very use ful or pro ba tive piece
of ev i dence. With DNA ev i dence only a min ute seg ment of
the pop u la tion will nor mally match by chance. In par ent age
test ing, the fre quency of do nors of an al lele is the sig nif i cant
value. For iden tity test ing, the ex pected pop u la tion ge no type
fre quen cies are the pop u la tion sta tis tics of in ter est (51). The
Hardy-Weinberg equi lib rium as de scribed above de ter mines 
the ex pected ge no type fre quen cies.

In Ta ble 8, the re mains of NN are treated as an item
of fo ren sic ev i dence rather than a fo ren sic pa ter nity.
Using the nine loci, only 1 in 22 bil lion Cro atian males
would match by chance. Since there are not 22 bil lion
Cro atians or even peo ple on the Earth, there is a rea son -
able cer tainty that the sam ple could only have come from 
this in di vid ual if a fo ren sic com par i son had been made.
Com paring the pop u la tion fre quency in Ta ble 8 to that in
Ta ble 6 in di cates that there is ap prox i mately 70,000
times more in di vid u al iza tion power in fo ren sic iden tity
than par ent age test ing.

In di vid u al iza tion and Iden tity

In di vid u al iza tion is the con cept that a ge netic pro -
file rep re sents a unique in di vid ual. This has been in di -
cated in the realm of fin ger print iden ti fi ca tion for many
years, in which ex am in ers will state that a fin ger print
orig i nated from a spe cific in di vid ual. Even iden ti cal
twins do not have iden ti cal fin ger print pat terns, al though
they will al ways share ge netic pro files. At the pres ent
time, with the num ber of mark ers avail able, it is pos si ble
to gen er ate vir tu ally any level of in di vid u al iza tion. The
FBI re cently stated that if the level of in di vid u al iza tion
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Ta ble 5. Iden ti fi ca tion of re mains us ing par ents(48)a

Locus Mother  Bone Father Obligate alleles p RMNE RPNE

LDLR B A,B A A 0.410 0.6519

B 0.590 0.8319 0.5423
GYPA A,B A,B A,B A 0.560 0.8064

B 0.440 0.6864 0.5535
HBGG A A,B B A 0.530 0.7791

 B 0.470 0.7191 0.5603
D7S8 A A,B A,B A 0.653 0.8796

B 0.347 0.5736 0.5045
GC A,C A,C A,C A 0.279 0.4802

C 0.595 0.8360 0.4014
DQA1 2,4 3,4 2,3 3 0.105 0.1990

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

aAb bre vi a tions and sym bols: p = al lele fre quency for ob li gate al lele based on the Cro atian da ta base (49). RMNE (ran dom man not ex cluded) = the pro por -
tion of the pop u la tion that could con trib ute all of the ob li gate al leles and there fore could not be ex cluded. RPNE (ran dom par ents not ex cluded) = per cent -
age of par ents that would not be ex cluded as a po ten tial par ents. Ob li gate al leles are writ ten in bold, and al leles pre sum ably trans mit ted by fa ther are un der -
lined.



ex ceeds 360 bil lion then a state of iden tity ex ists, such
that they will re port that a bi o log i cal spec i men orig i nated 
from a spe cific in di vid ual or his/her iden ti cal twin. In the
pro file pre sented in Ta ble 8, 360 bil lion was not reached
but it would have been if ad di tional loci were tested. The
CODIS 13 would cer tainly have reached that level, or
even chang ing that test kit may have reached that level
(51). Does that mean that the sam ple was not in di vid u al -
ized to the point of iden tity? It de pends on the def i ni tion
one uses. The def i ni tion by the FBI is to some ex tent ar -
bi trary. The level of in di vid u al iza tion needed to reach
iden tity is some thing that needs to be de ter mined at a lo -
cal level, un less there is an in ter na tional con sen sus. The
idea that the like li hood of a co in ci den tal match is less
than 1 in 23 bil lion Cro atians is strong ev i dence that the
pro files orig i nated from a com mon source.
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Ta ble 6. Iden ti fi ca tion of re mains us ing a child of the de ce denta

Loci Wife Child Obligate
allele

Remains
NN p RMNE X SI

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 11.111
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 8,9 0.1724FBI 0.4922

8 0.1150 0.50 1.740
TPOX 11   10,11 10 9,10 0.0625 0.1211 0.50 8.000
CSF1PO 10,12 10   10 10,11 0.2750 0.4744 0.50 1.818
D5S818 11,12 10,12 10 10,12 0.0775 0.1490 0.50 6.452
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AMEL X,X X,Y X,Y 
Combined 3.14 x10-5 45,720
Exclusion power 99.9969 %
Likelihood 31,812
Probability of paternity 99.9969% 99.9978%

aAb bre vi a tions and sym bols: p (Y) = al lele fre quency for each al lele or ob li gate al lele based on Cro atian and FBI da ta base. FBI in di cates fre quen cies taken
from the Eu ro pean FBI da ta base (38). RMNE (ran dom man not ex cluded) = the pro por tion of the pop u la tion that could con trib ute all of the ob li gate al leles
and there fore could not be ex cluded. X = like li hood that the al leged fa ther can trans mit the ob li gate al lele and it is de ter mined by the fa ther’s type. SI (sys -
tem in dex) = like li hood that the al leged fa ther can trans mit the al lele di vided by the fre quency of the ob li gate al lele (SI=X/p). Ob li gate al leles are writ ten in
bold.
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Ta ble 7. Com par i son of pop u la tion fre quency es ti mates for a
fo ren sic pa ter nity case ver sus a fo ren sic iden tity case for the
lo cus D13S1358

RMNEa (paternity) Forensic
evidence

Allele: 15;17 15;17

Frequency: (p+q)2 + 2(p+q)(1-p-q) 2pq

0.6751 0.0909

aRMNE (ran dom man not ex cluded)=the pro por tion of the
pop u la tion that could con trib ute all of the ob li gate al leles and
there fore could not be ex cluded. p is the fre quency of al lele 15,
and q is fre quency of al lele 17. Fre quencies for the D13S1358
15 lo cus=0.2425, and for D13S1358 17 lo cus=0.1875.

Ta ble 8. Fo ren sic iden ti fi ca tion us ing bone NN as ex am plea

Locus NN         p         q Formula Population frequency
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Amelogenin X,Y 

Combined 4.38078 X10-11

Likelihood 22,826,996,000

ap or q = al lele fre quency for each al lele based on Cro atian and FBI da ta base. Frequencies taken from the Eu ro pean FBI da ta base (51) are
in bold.
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