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ABSTRACT

Forensic genetics represents a combination of molecular and
population genetics. Personal identification and kinship analysis
(e.g paternity testing) are the two main subjects of forensic DNA
analysis. Biological specimens from which DNA is isolated are
blood, semen, saliva, tissues, bones, teeth, hairs. Genotyping has
become a basis in the characterization of forensic biological evi-
dence. It is performed using a variety of genetic markers, which
are divided into two large groups: bi-allelic (single-nucleotide
polymorphisms, SNP) and multi-allelic polymorphisms (vari-
able number of tandem repeats, VNTR and short tandem re-
peats, STR). This review describes the purpose of genetic mark-
ers in forensic investigation and their limitations. The STR loci
are currently the most informative genetic markers for identity
testing, but in cases without a suspect SNP can predict offender’s
ancestry and phenotype traits such as skin, eyes and hair color.
Nowadays, many countries worldwide have established forensic
DNA databases based on autosomal short tandem repeats and
other markers. In order for DNA profile database to be useful at
a national or international level, it is essential to standardize
genetic markers used in laboratories.
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SAZETAK

Forenzicka genetika predstavija spoj molekularne i popula-
cione genetike. Identifikacija i utvrdjivanje rodbinskih veza (npr.
ocinstva) su osnovni zadaci forenzicke DNK analize. Bioloski ma-
terijali iz koga se izoluje DNK su krv, semena tecnost, pljuvacka,
tkiva, kosti, zubi, dlake. Genotipizacija je postala osnov u karak-
terizaciji forenzickih bioloskih dokaza. Ona se izvodi pomocu ra-
zlicitih genetickih markera koji su podeljeni u dve velike grupe:
bialelski (pojedinacni nukleotidni poliorfizam, SNP) i multialel-
ski polimorfizmi (varijabilni broj uzastopnih ponovaka, VNTR
i kratki uzastopni ponovci, STR ). Ovaj revijski rad ukazuje na
znacaj genetickih markera u forenzickoj istrazi i ogranicenja u
njihovoj primeni. STR lokusi su trenutno najinformativniji gene-
ticki markeri u identifikacije, ali u slucajevima gde nema osum-
njicenih SNP moze da ukaze na poreklo prestupnika i fenotipske
karakteristike, kao Sto su boja koZe, ociju i kose. U mnogim ze-
mlijama Sirom sveta uspostavijene su fonezicke DNK baze poda-
taka koje se baziraju na autozomnim STR i drugim markerima.
Da bi baze podataka o DNK profilu bile korisne na nacionalnom
i inernacionalnom nivou neophodnoje da se standardizuju gene-
ticki markeri koji se koriste u laboratorijama.

Kljucne reci: forenzicka genetika, genotipizacija, gene-
ticki markeri, DNK baze podataka
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INTRODUCTION

Forensic genetics is an interdisciplinary science that
uses techniques from statistics and computer science and
connects them biology and law (1, 2). Typical contexts for
forensic DNA analysis are disputes on kinship (e.g. pa-
ternity testing), corpse identification, forensic casework
(criminal matters), missing person investigation and mass-
fatality identification (e.g. terrorist attacks, airplane crash,
tsunami disaster, war crimes) (2-4). Personal identification
and relatedness to other individuals are the two main sub-
jects of forensic DNA analysis (2).

Early molecular biology procedures were based on
the analysis of protein polymorphisms (e.g. blood group)
and phenotype polymorphisms (e.g. eyes and hair color).
The discrimination potential of these systems is low com-
pared to DNA polymorphisms (3, 5). Any two humans are
99,9% identical in their nucleotide sequences (1, 2, 4). The
remaining 0,1% indicates that, on average, for every 1,000
nucleotides there is one nucleotide that varies among peo-
ple and defines different alleles of the corresponding gene,
and for two randomly chosen individuals there are about
3 million bases differentiating haploid genomes (6). Poly-
morphisms in the DNA molecule are not uniformly dis-
tributed; in some regions of the genome they are densely
packed. These hypervariable genetic loci are the source of
forensic DNA typing and can be used to both differentiate
and correlate individuals (1, 4). The forensic application
of DNA typing methods over the past thirty years consti-
tutes a major progression in the examination of biological
evidence. With its remarkable sensitivity and power of dis-
crimination, DNA analysis has become the most important
in the fields of forensic science and forensic medicine (7).

SOURCES OF DNA

Biological specimens from whom DNA is isolated
and typed are: blood and bloodstains, semen and seminal
stains, saliva, tissues, organs, bones, teeth, hairs, finger-
nails, urine, and other body fluids (e.g. vaginal) (3, 7-10).

Blood samples provide large amounts of cells which
contain DNA (11). It is possible to reproduce genetic pro-
files even from four-year-old dried blood stains (5). Many
studies showed that blood was not a suitable substrate for
personal identification in the case of blood transfusion, pe-
ripheral blood stem cells transplantation or bone marrow
transplantation due to the presence of donor cells in the
recipient blood cells (12, 13). Chaudhary et al. have shown
that the saliva also contain donor cells (12). Other common
biological sources for forensic DNA profiling in these cases
are fingernails and hair follicles (12). However, some stud-
ies have shown donor chimerism (presence of donor cells
in the recipient) in these sources, but very rarely (12).

Saliva is a potentially useful source of genomic DNA for
genetic studies since it can be collected in a painless and
non-invasive manner. The inhibitory substances are much
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lower and less complex in saliva (e.g. proteases from food
particles, bacterial cells) (14) than in blood (e.g. heme, he-
moglobin, lactoferin, immunoglobin G) (15, 16, 17). Saliva
transports exfoliated epithelial cells from buccal mucosa
which contains DNA and the mean number of epithelial
cells per 1 mL of saliva is about 4.3 x 10°, which makes it a
suitable source of genomic DNA (8, 11, 18). Some studies
have shown that DNA of perpetrator may be detected in
the victim’s oral cavity up to 1 hour after intense or con-
strained kissing (8, 10). Saliva can also be placed on human
skin through kissing, biting, sucking and licking. Kenna et
al. have reported that salivary DNA persists on the skin a
minimum of 96 h (19). For example, it is possible to extract
DNA from bite marks within this period, but amount of
saliva deposited on the skin is usually very small in bite
marks (19, 20). In addition, the concentration of salivary
DNA varied from donor to donor and from day to day (19).
Also many factors can cause DNA damage in saliva, such
as: diet, brushing habits, eating habits, smoking, cancer in
the oral cavity, fungal infection, etc. Problem with buccal
cells is DNA contamination. Food particles often remain in
the oral cavity which contaminates the exfoliated epithelial
cells from buccal mucosa and leads to less yields of DNA
and incorrect results (6).

The fingernail hyponychium can provide a valuable
source of evidential material for investigation (8, 21). Trac-
es of skin (especially if the victim scratched the perpetra-
tor), body fluids and hairs may collect under the nails. The
persistence of foreign DNA under the nails generally lasts
up to 6 h (8). Cook and Dixon in their study detected for-
eign DNA in 13% of samples after 24 h (21).

Hairs from the victim or from the putative offender are
frequently found at crime scenes. Isolation and analysis of
DNA molecule from the hair root could provide the iden-
tification of the perpetrator. Hairs with intact root in the
mitotically active anagen-growing phase mainly contain
informative DNA profiles, while the inactive, naturally
shed hairs in the telogen phase rarely yield informative
DNA profiles. Unfortunately, 95% of the hairs found at a
crime scene are inactive or in telogen phase (22).

Bones and teeth are available evidence for homicide
committed several years ago or for homicides where the
victim was not found promptly and they are often the only
surviving material that can be tested especially in mass fa-
tality incidents and mass graves (23). Bone and teeth sam-
ples protect DNA through their physical and/or chemical
resistance to environmental degradation (23). Teeth with
their anatomical location and morphological structure
(enamel, dentine, pulp and cementum) provide unique
protection to endogenous DNA from post-mortem degra-
dation (24). The dental pulp also provides a rich source of
DNA (25).

It should be noted that several factors affect the ability
to obtain a DNA profile from biological samples: quantity
of DNA, sample degradation and sample purity. The quan-
tity and quality (purity and degradation) of DNA that can be
extracted from biological sources are different and can vary



as they are strongly influenced by the time after death and
environmental conditions. The DNA quality really influenc-
es on genotyping and polymorphism chain reaction (PCR)
amplification. Another common problem is the presence of
inhibitors of DNA analysis and PCR amplification (26).

Quantity

In 1993, Decorte and Cassiman published that the con-
ventional DNA typing needs at least 50 to 500 ng of high
molecular weight DNA (5). Nowadays, optimal amount of
DNA is well defined and typically ranges from 100-200 pg
to 2-3ng (1 ng is considered the optimum amount for most
commercial kits) (27, 28). The quantity of DNA is different
in different biological samples (Table 1). For comparison,
total weight of DNA in one single cell is less than 7 pg (1).
The amount of DNA in each hair depends on the anatom-
ic place of collection (e.g. head, beard, pubis) and varies
between individuals. Also, the hair melanin is significant
inhibitor of PCR DNA amplification, and therefore roots
are preferable. Hair chemical treatments may furthermore
decrease amount of DNA (8).

Degradation

All biological specimens are susceptible to degradation.
For example, prolonged exposure of even a large blood
stain to the environment can degrade the DNA and make it
unsuitable for further analysis (7). Environmental sources
of degradation are chemical (acids, bases, strong oxidizing
agents), physical (heat and sunlight) and biological (bacte-
ria and fungi) (1, 3). The most common source of degrada-
tion is biological in the form of mold and mildew. This is
most commonly because moist materials are packed in a
tightly sealed nylon bags which contributes to the devel-
opment of microorganisms (1). In order to prevent DNA
degradation, a forensic examiner must correctly select the
type of material used for collection and storage (e.g. pa-
per versus plastic bags) and ensure complete drying of the
sample prior to packaging (8).

In cadavers, DNA degrades very quickly, which is the
consequence of rapid bacterial increase, especially in those
that are exposed to hot temperatures. At the same time,
DNA in dead cells degrades under the influence of endo-
nucleases and exonucleases (5, 26). The level of degrada-
tion also depends on the type of analyzed tissue (29). In
comparison to soft tissues, hard tissues are greatly resis-
tant to autolysis and decomposition caused by environ-
mental factors. Therefore, bones, teeth and nails are the
only source of DNA in some forensic cases (3, 29). Milo$ et
al. have shown that femur provided the best success rates
while clavicle, ulna, and radius provided the lowest success
rates (23). Maciejewska et al. have shown that if human re-
mains are exposed to high temperature, samples of soft tis-
sues of the highest weight (thickness) should be collected
for the genetic analysis, because they give the best chance
of successful identification (29).

Table 1. Quantity of DNA in diffrent biological samples (1, 7)

Type of sample Amount of DNA

Liquid blood 30 000 ng/ml
Stain of blood 200 ng/cm*
Liquid semen 250 000 ng/ml

Postcoital vaginal swab 0-3000 ng/swab

1-750 ng/root

Hair(with root) plucked

Hair (with root) shed 1-12 ng/root

Liquid saliva 5000 ng/ml
Oral swab 100-1500 ng/swab
Urine 1-20 ng/ml
Bone 3-10 ng/mg
Tissue 50-500 ng/mg

Purity

In biological specimens, besides the human traces, can
also be found traces which originated from other organ-
isms (plants and microorganisms), but the main sources
of contamination originate from people. Contamination
with microorganisms primarily depends on the way the
samples are kept after collection (11). A distinction should
be made between the so-called mixed sample and con-
taminated sample. Mixed sample contains DNA from two
or more contributors, where the mixing occurred during
the crime itself, usually with small amounts of DNA from
potentially numerous contributors (10, 30). Contaminated
sample contains DNA from the person who did not par-
ticipate in the commission of the criminal offense and his
or her DNA is deposited over the biological trace during
the collection, storage and analysis. A sample may also be
contaminated after it is collected from the crime scene and
comes from the investigating officers, laboratory techni-
cians and laboratory plastic ware. The issue of contamina-
tion is overcome by forming dedicated, specialized labora-
tories and by implementing protocols to reduce the risk of
intra-laboratory contamination (28).

GENOTYPING

Genotyping has become a basis in the analysis of foren-
sic biological evidence which allows analyses of an exten-
sive choice of biological specimens (27). It is also known as
DNA typing or DNA fingerprinting. It is called a “finger-
print” because it is very unlikely that any two people would
have exactly the same DNA information, in the same way
that it is very unlikely that any two people would have ex-
actly the same physical fingerprint. Unlike clinical genetic
research in which the result of DNA analysis itself is an
information, in forensic genetics only by comparing DNA
profiles obtained from one biological trace with the DNA
profile from another biological trace we obtain the neces-
sary information (1). The first method used for DNA fin-
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gerprinting is RELP (restriction fragment length polymor-
phism), which detects the repeated sequences by defining a
specific pattern to the variable number of tandem repeats,
which forms the DNA fingerprint of a person. Using a spe-
cial enzyme, called restriction endonuclease, that acts as
a molecular scissors, DNA is cut into fragments on spe-
cific restriction sites. The chopped fragments have vary-
ing lengths. Gel electrophoresis is done to separate the cut
fragments based on their size. A Southern blot (transfer-
ring the fragments to a nitrocellulose membrane) is then
performed, and a radioactive probe is used to analyze the
DNA. This RFLP analysis requires large quantities of DNA
and requires long waiting time to obtain results (31). Now-
adays DNA fingerprinting is based on PCR (1, 32). The
remarkable sensitivity of the DNA typing assays permits
even very small quantities of DNA to be genotyped (27).
The regions of DNA that have most often been used in fo-
rensic analysis are located in non-coding genome regions
(they are not genes) (33). The gene that codes for an exact-
ing protein contributes to only 2—-5% of DNA, whereas the
remaining 95% are non-coding DNA (25). Therefore we
mark them as markers (19). However, some of these non-
coding markers are linked with visible traits (3). In forensic
DNA analysis we used a variety of genetic markers and di-
vided them into two large groups: multi-allelic polymor-
phisms (variable number of tandem repeats - VNTR and
short tandem repeats - STR) and bi-allelic (single-nucleo-
tide polymorphisms - SNP) (1, 3).

Variable number of tandem repeats - VNTR

In 1985, Alec Jeffreys have shown that highly polymor-
phic DNA segments (minisatellites or variable number of
tandem repeats) are able to generate individual specific
DNA fingerprints (34). The VNTRs contain repeated mo-
tif of 6-100 bp (3, 10). The number of repeats varies from
person to person. Because different alleles consist of dif-
ferent numbers of repeats, VNTR alleles can be identified
by their lengths. The VNTR loci chosen for forensic use
are on different chromosomes, or sometimes very distant
on the same chromosome, so they are separately inherited
(33). The VNTR loci are suitable for identification since
they have a very large number of alleles, often a hundred or
more (1, 3, 33). The great number of alleles means that the
number of possible genotypes is huge. For example, one
VNTR in humans is a 17 bp sequence of DNA repeated be-
tween 70 and 450times in the genome, so that total num-
ber of base pairs at this locus could vary from 1190 to 7650
(2). Another advantage of VNTRs for genotyping is that
none of the alleles is very common. Different alleles are
much more comparable in frequency than multiple alleles
of most genes. This is due to high mutation rate and the
fact that most mutations increase or decrease the length of
a VNTR by one or a few units (33). Due to high numbers
of rare alleles, VNTR loci alone often lead to much higher
exclusion (or inclusion) probabilities than single STR loci
alone, which often have quite common and widespread al-
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leles (1, 2). The major limitation of VNTR analysis is that
DNA has to be better preserved (1). In the early 1990s, fo-
rensic DNA analysis moved from markers which contain
large core repeat units and large amplicon size to short
tandem repeats (STRs), and the first available commer-
cial kits for typing multiple STRs in a single reaction be-
came available in the early 2000s (10). Nowadays the use of
VNTR has been replaced by STR (short tandem repeats).

Short tandem repeats - STR

Today the power of forensic DNA analysis is in poly-
morphisms at the short tandem repeat (STR) loci and the
number of STR loci used (35). STRs, known as microsatel-
lites or simple sequence repeats (SSRs), contain repeated
motif from1-5 for some authors, 2-7 or 2-10 nucleotides
in length for others, that are repeated in tandem from ap-
proximately a half dozen to several dozen times (25, 36-
38 ). The small amplicon size of STRs (typically ranging
from 100 to 500 bps in length) makes them suitable for the
analysis of degraded DNA samples (2, 9, 27, 36, 38, 39).
The STR loci are currently the most informative genetic
markers for identity testing (3, 4, 28, 38). For example, the
identity of the murdered Romanov family was confirmed
using DNA extracted from bone fragments and amplified
for 5 STR loci (HUMTHO1, HUMVWA31, HUMF13A1,
HUMEES/FPS, and HUMACTPB2), and amelogenin (40).
Also forensic applications of STRs has allowed the reopen-
ing and solving old and forgotten cases and has also led
to the exoneration of prisoners convicted through miscar-
riages of justice (32).

Limitation of using STRs is the high mutation rate of
STR loci (103~107°), which makes them very informative,
but also less stable (3). High mutational rates also lead to
extensive polymorphism and increase the probability of
isolated populations diverging rapidly at these STR loci,
which makes them particularly useful in the study of popu-
lation genetics (38).

Use of multiple STR loci in a single test enables a high
power of discrimination without the use of large amount of
DNA (e.g. 1 ngor less). PCR amplification of multiple STR
loci at the same time is possible with different colored fluo-
rescent dyes and different sized PCR products (36). This
is an ideal technique for genotyping due to the probability
that identical alleles in two individuals decrease with the
increase in the number of polymorphic loci examined and
also can save time and money, but difficulties may happen
when coamplifying several loci. Multiplex PCR involves
using a number of sets of PCR primers and allows target-
ing multiple locations throughout the genome. The prob-
lem is that primers for one locus can complex with those
of other loci and completely inhibit the amplification. This
effect may be avoided by leaving a specific STR locus under
certain conditions (2).

Severely degraded DNA samples could contain only
very short DNA template molecules (under 100bp) mak-
ing conventional STR typing (100-500bp) unsuccessful.



Damaged DNA templates (e.g. old bones, hair shafts) and
minute amounts of cells occasionally lead to the elimina-
tion of single or, in the worst case, all alleles (2). In this case
STR typing can be improved by moving the PCR primers
closer to the STR repeat region, which reduces sizes of
product while retaining the same information (3, 28, 36,
41). Thus, STR products reduced in lengths are marked as
mini STR and if they are smaller than some of the frag-
mented DNA template molecules, genetic characterization
of the sample may then be possible (28, 36). Butler have
shown that the utility of these mini-STR assays has been
confirmed in studies involving degraded bone samples and
aged blood and saliva stains (36). Success rates in recov-
ering information from severely degraded DNA samples
are improved with mini-STR systems compared to con-
ventional STR systems (36). Gill et al. described the ac-
ceptance of three new mini-STRs (D10S1248, D14S1434,
D22S1045) into the European standard Interpol loci which
now include 10 STR loci (42). Mulero et al. described the
conversion of eight STRs (D7S820, D13S317, D16S539,
D21S11, D2S1338, D18S51, CSF1PO, and FGA) into mini-
STRs (41). The amplicon range for mini-STRs is 71-250
bp in length. Consequently, mini-STRs could be accommo-
dated into one multiplex analysis. It would be better if all
STR kits are reconfigured into mini-STR kits for routine
analysis of forensic evidence. Only one attempt would be
needed to obtain a DNA profile for limited-quantity sam-
ples. More efforts will continue to convert all current fo-
rensically relevant STRs into mini-STRs and to incorporate
in one multiplex amplification kit (28).

Single nucleotide polymorphisms - SNP

Single nucleotide polymorphisms (SNPs), i.e. single
base difference among two different individuals, are an-
other type of genetic markers and have been considered as
additional informative markers (2, 4). SNPs are base sub-
stitutions or insertions/deletions that occur at single posi-
tions in the genome (9). SNPs in humans occur on average
every 1/2000 bases (2).They have much smaller amplicons
than those of mini-STRs, as short as 50-60 bp (3, 4, 28).
This is very important when dealing with highly degraded
DNA samples (3, 4, 39).

Budowle and van Daal claim that SNPs are not the same
and they categorized SNPs into categories: 1. identity-
testing SNPs for individualization, 2. lineage-informative
SNPs, sets of tightly-linked SNPs for identifying missing
persons through kinship analyses, 3. ancestry-informative
SNPs for establishing biogeography ancestry with high
probability, 4. phenotype-informative SNPs for establish-
ing phenotypic characteristics such as skin color, hair color,
or eye color with high probability and 5. SNPs for pharmo-
cogenetic investigations for determining the cause of death
(9, 28). The information contained in the human genome
may provide insights into personal characteristics such as
ethnicity, physical and physiological characteristics (43).
When there is no suspect, SNPs that describe phenotypic

traits (such as pigmentation of skin, facial features, height,
hair color and eye color) would enable a genetic prediction
of appearance for investigative leads to identify the perpe-
trator or at a minimum help confirm or refute the more
refractory eyewitness description (28, 43-45). Walsh et al.
with six eye color-SNPs adjusted prediction of colors of
the iris with accuracies of over 90% (46). Lui et al. suggest-
ed the used 9 SNPs (rs183671, rs12203592, rs10756819,
rs1393350,rs17128291,rs12913832, rs2924567, rs4268748,
rs6059655) as suitable markers for DNA prediction of skin
color in Europeans and neighboring populations (44). The
same phenotype-informative SNPs could be used to facili-
tate facial reconstructions for identifying missing persons
(28). For example, in the 2004 Madrid train bombings
source population of the suspects was concluded by using
34 ancestry-informative SNPs (43). In contrast to the per-
sonal information contained in STR markers, the resourc-
es regarding SNP markers are mostly population-oriented
and can provide robust information on biogeographic an-
cestry that STRs can’t provide due to their high global het-
erozygosity and greater mutation rate (3, 45).

Although SNPs are bi-allelic and consequently less
polymorphic than multi-allelic STRs, they have two known
advantages over STRs. The first advantage is that SNPs are
more stable genetic markers with low mutation rates on
the order 10°® and so changeless likely over generations
which is crucial concerning inheritance cases, missing per-

Table 2. Advantages and disadvantages of VNTR, STR and SNP genetic
markers for DNA profiling (1-4, 9, 27, 28, 33, 36, 38, 39)

Advantages Diadvantages

-Large number of allels >100
-none of allels is very common
-high number of rare allels .
-VNTR loci alone often lead -because the large amplicon
VNTR . . size of VNTRs DNA has to
to much higher exclusion
. . s be better preserved
(or inclusion) probabilities
than single STR loci alone
-small amplicon size makes
them suitable for for the
analysis of degraded DNA
samples
-high mutation rate lead to . .
. . -high mutation rate makes
STR extensive polymorphisms
o . them less stable
which is useful in the study
of population genetics
-high power of discrimina-
tion without the use of large
amount of DNA
-smaller amlicon size than
sSTRs makes them suitable | -because they are bi-allelic
for highly degraded DNA and consequently less poly-
samples morphic
SNP -ancestry and phenotype -individually less informative
SNPs can predict ethnicity than STRs
and phenotypic traits -large panels of SNPs
-low mutation rates which is | (50-100) are need for geno-
helpful in inheritance cases | typing
and missing person cases
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son cases, and situations where no direct reference sample
may be available (3, 4, 9, 28, 39). The second advantage is
that amplicon’s size is less than 60 bp in length (39).

However, SNP analysis also presents some limitations. It
is generally accepted that SNPs are individually less infor-
mative than STRs (4, 9).The informativity may be increased
by analyzing many unlinked SNPs, in order to achieve the
level of discrimination typical for the 13 core STR loci, so
large panels of SNPs (50—100) need to be genotyped (3, 4, 9,
39). Sanchez et al. have shown that the applied SNP typing
multiplex with 52 SNPs in European populations provides a
higher statistical power than 15 human identity STRs (39).
Another limitation is that SNPs can provide only weak evi-
dence of familial relationships or resolve mixtures of DNA
from two or more individuals in a single sample, precisely
because they are only bi-allelic (3, 9, 45).

SNP markers offer a useful and important extension
to a routine STR-based DNA typing (3, 4). SNPs give an
almost unlimited source of human genome diversity for
analyzing (3). An advantage of SNPs is that research and
development at present is underway to improve analyti-
cal capabilities, possibly making large multiplex assays and
complete automation possible. Consequently, the large
battery of required SNPs can be used and can provide the
power of discrimination currently obtained with STR kits.
So a battery of SNPs with a high power of discrimination
is desired (28). Some scientists go even further, taking into
consideration that SNPs will replace STRs in forensic in-
vestigation (4).

Table 2 shows comparison of VNTR, STR and SNP ge-
netic markers.

MITOCHONDRIAL DNA

Mitochondrial DNA (mtDNA) exists within cytoplas-
mic mitochondria as a separate small genome and contains
a region (control region or D loop) which is composed of
two hyper variable segments (2, 5, 47). Two hyper variable
segments of the control region, HV1 and HV2, are most
variable between individuals and are therefore of special
interest for forensic studies (3, 28). The principal advan-
tage of mtDNA is that it is present in 500- 2000 copies per
cell (3, 5, 43, 47). Nuclear DNA, in spite of its great power
of identification, is present only in cells with nucleus and
in only two copies per cell (47). Many copies of mtDNA in-
crease the chances that some copies of mtDNA will survive
in highly degraded forensic samples and permit typing a
great range of samples that would otherwise be unthink-
able (2, 3, 47). Such samples are highly degraded stains,
bones, teeth, saliva, fingernails, and hair shafts (3, 28, 47).
As mentioned before, most of hairs founded at crime scene,
are shed hairs and do not contain a root. However, the hair
shafts still contain many copies of mtDNA (5). Another
characteristic of mtDNA is that it is maternally inherited,
so even distant maternal relative can provide a compara-
tive reference sample with an expectation of a match (43,
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47, 48). In identifying missing persons it is very important
to compare mtDNA of unidentified remains with that of a
possible maternal relative (25).

Due to lack of recombination, mtDNA can be analyzed as
a single, highly informative multi-allelic locus (haplotype). A
big advantage of using mtDNA is high mutation rate in the
mitochondrial genome which causes high sequence varia-
tion. MtDNA is almost ten times more prone to mutation
than nuclear DNA. Limitation of mtDNA is heteroplasmy
or the presence of more than one mtDNA type in an individ-
ual, which is an uncommon characteristic of the mitochon-
drial genome and may complicate the interpretation (43).

Y CHROMOSOME

AsY chromosome is passed to the son from his father,
analysis of markers on this chromosome helps in the iden-
tification of male lineages and inferring paternal genetic
ancestry for judicial and investigative purposes (25, 49-51).
Whereas these markers are transmitted as haplotypes in
the same way as single locus alleles, they have the lack of
recombination.

Nowadays there are many commercial kits available
for Y-STR haplotyping which are useful in reconstruct-
ing paternal relationship (52). Given that Y-STRs markers
have relatively low mutation rate of about 107 per locus
per generation, they have proven useful for testing short to
medium timescale paternal relationships. Other markers
used for Y chromosomes are Y-SNPs and, with an average
mutation rate of about 3 x 107® per nucleotide per genera-
tion, they are suitable for studying distant relationships be-
tween male individuals and populations (50). Barra et al.
have determined the male fetal Y-STR haplotype in ma-
ternal plasma during pregnancy and have estimated if the
fetus and alleged father belong to the same paternal lineage
(52). The main limitation is that it is only applied for moth-
ers bearing a male fetus and its conclusion will be if alleged
father and fetus belong to the same paternal lineage or not.
Consequently, the test should not be performed in popula-
tion with a high rate of endogamy (52).

Y-STRs are also used to resolve the male component of
mixed DNA when a high female background is present (e.g.
sexual assault cases) (43, 49, 52). The vasectomized or natu-
rally azoospermic rapist leaves no sperm, in such cases,Y-
specific profiling is effective, even from samples with 1:4000
male:female DNA ratio (32). In the last few years the num-
ber of Y-STR markers for routine use in forensic and popula-
tion genetics has grown significantly (49).

X CHROMOSOME

The X chromosome is transmitted between both sexes
in each generation, transferring different genetic informa-
tion from uniparental genomes (53). Markers located on
this chromosome have a particular inheritance pattern, be-



cause women are dizygous and men are hemizygous (54).
The X chromosome markers (X-STRs and X-SNPs) show
higher efficiency parameters than autosomes in special kin-
ship investigations (as well as incest cases), involving mainly
female offspring (48, 53, 54). The STRs on X chromosome
can only be used in kinship analysis involving daughters, be-
cause there is no allele inherited by descent in a father-son
relationship (54). Therefore, a growing number of scientists
researching X markers uses them for studying the genetic
structure of human populations, ancestry proportions in ad-
mixed populations and for forensic investigations (53).

EXTRACELLULAR DNA AND RNA

In 1978, Stroun et al. reported the presence of an RNA
form in a nucleoprotein complex spontaneously released
from human blood lymphocyte and frog auricle cultured
cell systems (55). Extracellular nuclear acids (NAs) have
been detected in a variety of biological specimens, includ-
ing serum, plasma, saliva, urine, milk, bronchial lavage,
cell culture supernatants. It is not defined how NAs are re-
leased from cells, whether by active secretion or as a result
of apoptosis, or some combination of these mechanisms.
Extracellular RNA may be protected from degradation
by RNases, because they are being packaged into apop-
totic bodies, integrated within nucleoprotein complexes
with phospholipids and proteins. Analysis of extracellular
mRNA profiling in forensic science has also been investi-
gated (56). In 2003, using standard RT-PCR and gel elec-
trophoresis, Juusola and Ballantyne reported that mRNAs
specific for saliva and semen can be detected in stains as
old as 10 weeks (15,57). The mRNAs have been used for
identification of human body fluids or tissues, which is
very useful for forensic investigations to identify the ori-
gin of biological samples (3, 58). In 2005, Juusola and Bal-
lantyne demonstrated the distinction of stains originating
from different body fluids such as blood, semen, saliva and
vaginal secretions (59). But the main part of the RNA pre-
served in salivary stains is cellular (15).

In 1997, Lo et al. detected “fetal” DNA in the plasma of
pregnant women (60). So, the non-invasive prenatal testing
is possible by detection of cell-free fetal DNA (cfDNA) in
maternal circulation. The cfDNA originates from the pla-
centa cells and apoptosis is the main mechanism of releasing
it to the mother’s circulation. Length of fetal DNA sequences
in maternal plasma is mostly 150 bp and is rarely longer than
250 bp, and their final disappearance from maternal circula-
tion occurred after 1-2 days postpartum. Today, there are
many situations where it would be desirable to do the non-
invasive prenatal paternity testing by the analysis of the cir-
culating cell-free fetal DNA (e.g. unclear paternity in case of
women with more than one sexual partner who are unsure
of the actual father) (52). Tumor-specific cell-free DNA has
also been found in the circulation in many kinds of tumors.
The presence of placental and tumor-specific cell-free RNA
in plasma was also found (15).

DNA DATABASE

While the human genome contains thousands and
thousands of STR markers, only a small core set of loci
has been used in forensic DNA and human identity test-
ing. Millions of STR profiles are formed worldwide every
year by private laboratories, university and government
performing different forms of human identity testing,
including DNA data basing, forensic casework, kinship
analysis, missing persons and mass disaster victim iden-
tification (36).

Currently, more than 60 countries worldwide have
established forensic DNA databases based on STRs, and
these databases continue to grow fast. Now, China has
more than 27 million entries in its forensic database (43).
Since 1997, The Federal Bureau of Investigation (FBI) uses
a standard set of 13 specific STR loci, collectively referred
to as Combined DNA Index System (CODIS) markers, and
the sex-differentiating amelogenin locus AMEL-X/Y (1).
The CODIS databank houses the largest number of DNA
profiles compared to any other forensic DNA database
(10, 28). In this database, the chances that more than one
individual shares a 13-loci DNA profile are approximate-
ly one in one billion (10). The 13 routinely-used CODIS
STR markers are: CSF1PO, FGA, THO1, TPOX, VWA,
D3S1358, D5S818, D7S820, D8S1179, D13S317, D16S539,
D18S51 and D21S11; and 15 markers arel3 CODIS loci
plus D2S1338 and D19S433 (28, 43). Although CODIS is
used strictly in the USA and Canada, sometimes it is used
to match probability in mass disasters outside USA. Thus,
after Madrid terrorist attack in 2004, the CODIS data-
base was used to match probabilities of 220 body remains
against 98 reference samples, including 67 samples from
relatives, representing 40 family groups and 27 antemor-
tem direct references (2).

The forensic DNA databases of the most countries con-
tain two types of profiles: profiles from convicted offend-
ers and/or arrestee profiles (these profiles are from known
sources and forensic profiles obtained from crime scenes
(from unknown sources) (3, 61). Then CODIS utilizes
computer software to automatically search its two indexes
for matching DNA profiles and this technology is autho-
rized by USA law (3).

In order for DNA profile database to be useful at a na-
tional or international level, it is essential to standardize
the genetic markers used among laboratories (28). So, a
number of organizations are currently involved in devel-
oping and promoting DNA databases across the European
Union (EU). The European DNA Profiling Group (ED-
NAP) was established in 1988 with the aim of forming sys-
tematic procedures for data-sharing across the European
community. The Standardization of DNA profiling in the
EU (STADNAP) enhances usage of DNA profiling across
the EU in order to help better detection of ‘mobile serial
offenders’ The European Network of Forensic Science In-
stitutes (ENFSI) aims to undertake the standardization of
forensic practices in support of policing across the whole
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of the EU (2). Recently, EU legislation has made all 28
members of the EU to participate in a network of national
DNA databases (62).

To improve the discrimination power and the success in
analyzing degraded DNA samples, the ENFSI and the ED-
NARP published in 2005 a list of three additional new mini-
STR loci: D25441, D10S1248 and D22S51045 and two addi-
tional polymorphic loci, D1S1656 and D12S391 (3). The FBI
has suggested adding more autosomal STR loci to its pres-
ent core set. The additional loci are mostly from those that
the European system has chosen to supplement its core loci,
assist with international data sharing and also increase dis-
criminating power for missing person identifications. Also,
one Y chromosome STR marker (DYS391) was added by the
FBI into the new core loci, but the reason was to confirm
amelogenin null values sometimes present in DNA typing.
Many of Chinese crime laboratories have included Y-STRs in
the standard protocol for sexual assault cases. However, be-
cause of the limitation in detection technology, only up to 25
to30 autosomal STR and/or Y-STR loci can be multiplexed
in a single kit and analyzed, which apparently indirectly lim-
its the marker capacity of the DNA database to support fo-
rensic investigations. In the future, with Massively Parallel
Sequencing (MPS) technologies it will be possible to type
simultaneously all forensically-relevant autosomal STRs,
Y STRs, X STRs, SNP and whole mitochondrial DNA ge-
nome sequences, comprising between 400-500 markers and
much more (61). Addition of more loci increases discrimi-
nation power helps in missing persons’ cases and makes a
distinction between family members in closely related com-
munities. In addition, with expanded locus overlap between
numerous databases, international collaboration and data
exchange would be easier. For that reason European and US
forensic communities have taken steps toward these goals
with proposal of the expanded CODIS core loci and accep-
tance of the European Standard Set (ESS) (63).

Since the early 1990s in the Western Balkan region,
DNA analysis in forensic sciences has significantly in-
creased. A large number of people that were buried in mass
graves are identified by DNA typing. Forensic DNA testing
in Serbia is performed in 6 laboratories. The use of DNA
typing in criminal procedures in Serbia is regulated by the
Criminal Procedure Act. This Act enables the district law-
yer to order police to collect the buccal swab samples from
the suspect, with or without his or her consent and requires
the forensic pathologist to collect the DNA samples from
unidentified bodies, and to collect and preserve samples of
any biological traces obtained during autopsy (62).

DNA profiles are different from fingerprints (which are
useful only for identification), because DNA can provide
insights into many intimate aspects of a person and their
families including predisposition to particular diseases and
perhaps predispositions to certain behaviors (2). Expanded
forensic DNA database will probably lead to the violation of
a number of individual and civil rights (62). To defend indi-
vidual and civil rights is to forbid the inclusion of genetic sus-
ceptibilities information in crime databases (2). For their SNP
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panel, Sanchez et al. pragmatically selected SNPs that were
located at least 100 kb from any known gene, presumably to
minimize the potential for perceived privacy risks (39). So the
possible connection to a disease gene might be a criterion to
consider about privacy. Prediction of physical traits limited to
skin, eye, and hair color and possibly height and facial features
is less likely to be considered a privacy matter (9).

CONCLUSION

Biological evidence for DNA studies is nowadays con-
sidered the most important evidence for legal proof in
courts of law. DNA typing analysis can be performed on a
large variety of materials, such as cigarette ends, tissues on
a gun muzzle and on bullets, dismembered and decayed
body parts, paraffin embedded tumor tissue, dirt and skin
under fingernails, epithelia of an offender from the victim’s
neck after strangling, burned corpses, dried chewing gum,
skeletal remains, body parts after mass disasters, skeleton-
ized flood victims and human feces and urine. An inverse
relation between the degradation and the length of DNA
sequence that can be successfully and reproducibly ana-
lyzed influences the choice of DNA profiling technology
and markers to be analyzed.

The STR analysis is still the most important and com-
monly-used genetic technique in forensic science. In com-
plex cases of kinship analysis, severely degraded DNA or
prediction of phenotype traits of offender’s, SNP, Y-STRs,
X-STRs and mtDNA could be used to complement autoso-
mal STR typing. Multiplexing or the ability to simultane-
ously assessment several genetic markers in one analysis
is the key to forensic testing. More simultaneously typed
markers will reduce consumption of often limited precious
forensic evidence.

The success of DNA typing in a police investigation can
be greatly enhanced by storing DNA profiles in a central
database. It is the quality of DNA database laws that makes
DNA an effective investigative tool. Effective DNA data-
bases are being constructed and numerous forensic cases
solved today through generating STR profiles with a com-
mon set of genetic markers.
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