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Influence of genetic
substructuring of statistical
forensic parameters on
genetic short tandem repeat
markers in the populations of
Southeastern Europe

Aim To investigate the influence of specific intrapopula-
tion genetic structures on interpopulation relationships.
Special focus was the influence of island population isola-
tion on the substructuring of the Croatian population, and
the influence of regional population groups on the sub-
structuring of Southeast European populations.

Methods Autosomal short tandem repeat (STR) loci were
analyzed by using four forensic parameters: matching
probability (PM), power of discrimination (PD), power of
exclusion (PE), and polymorphic information content (PIC)
on a sample of 2877 unrelated participants of both sexes.
A sample set comprising 590 participants was analyzed for
the first time, and 2287 participants were included from
previous studies. The analysis was performed with Power-
Stats v. 1.2.

Results The analysis of forensic parameters for all nine loci
in the Croatian subpopulations showed the largest devia-
tions in the populations of the islands of Kor¢ula and Hvar.
The smallest deviations were found in the mainland popu-
lation. As for Southeast European populations, the largest
deviations were found in the population of North Mace-
donia, followed by Romania, Albanians from Kosovo, and
Montenegro, while the smallest deviations were found in
the population of Hungary.

Conclusion The comparison of forensic parameters be-
tween different subpopulations of Croatia and Southeast
Europe indicates that the isolation of individual Croatian
subpopulations and rare alleles in their gene pool affect
the values of forensic parameters. Specific features of (sub)
populations should be taken into account for appropriate
sampling of the total population when creating a DNA da-
tabase of STR markers.
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Microsatellite markers are used in forensic research due
to their high power of discrimination (PD) (usually >0.9,
with observed heterozygosity >70%), position at separate
chromosome locations (to avoid closely related loci), con-
sistency and reproducibility of results after multiplication
with other markers, and rare occurrences of stutter prod-
ucts (1). The use of short tandem repeat (STR) markers in
paternity testing and forensic genetic analysis increases
the PE from an initial 30% to 40% for blood typing, 80%
for tissue typing, HLA analysis, 90% for combinations of
HLA analysis with serological tests, and finally 99.99% for
RFLP analysis to a minimum of 99.999% (2-4). In forensic
research, the advantage of microsatellite markers is the
possibility of simultaneous analysis of multiple loci in mul-
tiplex STR systems, which allows a high degree of indi-
vidualization in identifying traces. In forensic applications
where DNA is usually degraded, microsatellite markers of
100 to 400 bp are better markers than minisatellites (VN-
TRs) of 400 to 1000 bp (4).

Microsatellite DNA differs for each person, but two people
may have the same allelic variants at one or more STR loci.
However, the probability of finding allelic variants in two
individuals at, for example, 15 STR loci, analyzed using the
PowerPlex 16 kit for the white population is 1.83x 10" (5).
The average mutation rate for loci is variable, but its val-
ues are below 0.1%. Based on previous forensic research,
the loci with the lowest mutation rate are CSF1PO, THO1,
TPOX, D55818, and D851179, while D21511, FGA, D75820,
D165539, and D18S51 have a significantly higher mutation
rate (2,6-8).

Specific population DNA databases serve to determine the
genetic diversity of populations and to facilitate statistical
calculations in forensic genetics. They are not based on in-
dividual DNA profiles, but the profiles represented in a par-
ticular population are used to determine allelic frequen-
cies for further statistical calculations, ie, analysis of forensic
identification parameters based on the assessment of PM,
PD, PE, degree of loci heterozygosity (H), and likelihood ra-
tio (LR). In order to form the most representative database
of a certain population, it is important to investigate the
genetic diversity of the population, its features, size, isola-
tion, and the degree of genetic differentiation in relation to
neighboring and distant populations (4).

Therefore, the aim of this study was to investigate the exis-
tence of substructured subpopulations in Croatia, and the
impact of their specific intrapopulation genetic structure
on interpopulation relationships, and how these relation-

ships affect the basic forensic statistical parameters of ge-
netic STR markers.

METHODS
Sample

A total of 2877 unrelated participants of both sexes from
the area of Southeastern Europe were analyzed. A sam-
ple set comprising 590 participants was analyzed for the
first time in this study and includes the following popu-
lations: Baranja (n=397), island of Ugljan (n=58), island
of Pasman (n=10), island of Dugi Otok (n=14), and Slo-
venia (n=111). The islands of Ugljan, Pasman, and Dugi
otok were analyzed as one population (north Dalmatian
islands, NDI) due to the small number of samples and rela-
tively small geographical distance and good connections
between them. Blood samples of all participants were col-
lected as part of field research, after participants signed
the informed consent. DNA isolation was performed in
the Laboratory for Molecular Anthropology of the Insti-
tute for Anthropological Research, Zagreb, and the ge-
netic analyses of STR markers were performed in the DNA
Laboratory, Genos Ltd, Zagreb.

The second set (data for 952 participants) of samples were
samples from the biobank of the Institute for Anthropo-
logical Research, collected during field research. The set
consisted of the following (sub)populations: continental
Croatia (Zagreb, Pazin, Delnice, Zabok, and Donji Mihol-
jac, n=100) (9), island of Cres (n=122) (10,11), island of
Krk (n=137) (12), island of Bra¢ (n=96) (13), island of Hvar
(n=103) (14), island of Korcula (n=95) (15), island of Vis
(n=98) (9), Montenegro (n=101) (16), and North Macedo-
nia (n=100) (17).

The third set (data for 1335 participants) was from the avail-
able European database with available row data, and con-
sisted of the following populations: Serbia (n=356) (18),
Hungary (n=223) (19), Bosnia and Herzegovina (n=100)
(20), Romania (n=222) (21), Kosovo (Albanians) (n=137)
(22), and Greece (n=297) (23).

To enable a hierarchically structured analysis, the entire
sample was divided into two hierarchical groups. The first
group consisted of all Croatian subpopulations: mainland
(Baranja and continental Croatia) and islands: Krk, Cres,
NDI, Bra¢, Hvar, Korc¢ula, and Vis. The second group con-
sisted of Southeast European populations (Monte-
negro, Serbia, Croatia, North Macedonia, Hungary,
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Bosnia and Herzegovina, Romania, Albanians from Koso-
vo, Greece, and Slovenia).

In order to determine the relationship between the foren-
sic parameters of the Croatian subpopulations, a “poten-
tial” reference base of the Croatian population was simu-
lated. Out of 1230 respondents, a sample including 45%
of the participants was formed by random selection. The
“potential” reference base of the population of Southeast
Europe was simulated using the same principle. Out of
1805 participants, a sample for the “potential” reference
base was formed including 30% of participants. The sam-
ple of Croatia, which included 1230 respondents in the hi-
erarchical level analysis, was reduced to 158 participants
to mirror their actual share among Southeast European
populations for which microsatellite databases were used
in the study (the ratio of continental and island popula-
tions in Croatia is 97.2% to 2.8%). Specifically, the Croatian
sample included the continental part (n=100) (Zagreb,
Pazin, Delnice, Zabok, and Donji Miholjac) (9), a random-
ly selected sample from Baranja (N=44), and 5 samples
from Baranja with DNA profiles containing alleles charac-
teristic only for the Croatian population. The island part
contained 9 samples selected randomly or based on their
unique presence in the Croatian population. In this way,
the ratio of continental to island populations was 94.3%
to 5.7%, presenting a slightly higher percentage in favor
of the islands because of the inclusion of their specific
DNA profiles without which the Croatian population base
would not be representative.

STR marker analysis

DNA was isolated from whole-blood samples by using the
salting out method (24), followed by polymerase chain
reaction (PCR) and capillary electrophoresis. AmpFLSTR
Identifiler PCR Amplification Kit (Applied Biosystems, Fos-
ter City, CA, USA) was used for STR genotyping. Fragment
analysis was performed on 3130 genetic analyzer (Applied
Biosystems), ABI Data Collection Software, and GeneMap-
per™ 3.2 Software (Applied Biosystems).

Bio-statistical analyses

Since complete data for 2877 samples were not available
for all loci included in the AmpFLSTR Identifiler PCR Ampli-
fication Kit, in order to make the data comparable, bio-sta-
tistical analyses were performed for nine autosomal STR
loci (D3S1358, VWA, FGA, THO1, TPOX, CSF1PO, D55818,
D13S317,D7582).

www.cmj.hr
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Forensic parameters

The following forensic parameters were used in the study:
i) matching probability or probability of match (pM),
which shows how many people need to be searched to
find the same DNA profile in a randomly selected indi-
vidual; ii) discrimination power (Pd), which is calculated
by subtracting pM (1-pM) from the number 1, iii) exclu-
sion power (PE), which is defined as the proportion of in-
dividuals whose DNA profile differs from a randomly se-
lected individual in a typical paternity case, and iv) the
degree of heterozygosity (H), or a measure of standard
genetic diversity. The informativeness of genetic markers
increases with increasing degree of heterozygosity. How-
ever, when the sample was collected from a genetically
isolated population, a lower total number of alleles and
a smaller number of alleles per locus can be expected to
occur than when collected from a genetically heteroge-
neous population. Although the degree of heterozygos-
ity increases with increasing number of alleles, it depends
on its frequency. Regardless of the number of alleles at
a locus, the degree of heterozygosity is maximal when
the frequencies of the alleles are equal. Another foren-
sic parameter used in the analysis is the degree of poly-
morphism (PIC), another measure of the informativeness
of genetic markers. The analysis of all the above forensic
parameters was performed using the statistical package
PowerStats v1.2 (25).

Data standardization (Z-values)

In order to compare the forensic parameters of the sub-
populations of Croatia and the population of Southeast
Europe through the differences of the mean values for real
and “simulated” samples, the original values were trans-
formed into standardized or Z-values. The standardized
value was calculated by determining the deviation of an
entity from the arithmetic mean. Thus, the standardized
value is a relative measure of deviation of each entity from
the arithmetic mean expressed in parts of the standard
deviation (26).

RESULTS

Forensic parameters in Croatian subpopulations

The results of the forensic parameters analysis in eight dif-
ferent Croatian subpopulations are shown in Table 1 and

Figures 1-5. The TPOX locus had the highest PM in all ana-
lyzed populations, based on the lowest level of heterozy-
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gosity, as well as the lowest PD and PE. On the other hand, Krk, Korcula, and NDI. It also showed the highest values
the FGA locus was the most polymorphic locus in all Cro- of PD (with the exception of Cres) and PE (except on Krk,
atian populations, except on the island of Cres. It exhib- Korcula, and NDI).

ited the highest H in most populations, except on Cres,

TABLE 1. Forensic parameters of nine analyzed STR loci in populations of Croatia

Population

continental Croatia

Krk

Cres

North Dalmatian islands
Brac

Hvar

Korcula

Vis

Population

continental Croatia

Krk

Cres

North Dalmatian islands
Brac

Hvar

Korcula

Vis

Population

continental Croatia

Krk

Cres

North Dalmatian islands
Brac

Hvar

Korcula

Vis

Population

continental Croatia

Krk

Cres

North Dalmatian islands
Brac

Hvar

Korcula

Vis

N D3S1358 VWA

149

137
122
82
96
103
95
98

103

103

103

98

0.074

0.094
0.089
0.084
0.095
0.108
0.098
0.085

D351358
0.926

0.906
09N

0916
0.905
0.892
0.902
0915

D351358
0.525

0.5
0.636
0.542
0.642
0.574
047
0.554

D351358
0.76

0.73
0.75
0.76
0.74
0.72
0.72
0.75

0.063

0.071
0.071
0.068
0.077
0.085
0.071
0.075

VWA
0.937

0929
0.929
0.932
0923
0915
0929
0.925

VWA
0.693

0.591

0.636
0.776
0.642
0.647
0.806
0.536

VWA
0.8

0.78
0.78
0.8

0.77
0.77
0.79
0.76

Matching probability
FGA THO1 TPOX CSF1PO D5S818 D13S317 D7S820 Reference
0.038 009 0207 0138  0.117 0.081 0.068 Martinovic Klari¢ et al. 2005
+ current study (Baranja)
31 0.133 0.087 0.095 Martinovic Klari¢ 2000
45 0.105 0.079 0.068 Novokmet et al. 2009
49 0.19 0.085 0.089 current study

0.038 0.094 0.194 1
1
1
17 0.139 0.065 0.061  Martinovi¢ Klari¢ 2000
1
1
1

0.049 0.098 0.195
0.055 0.113 0.199
0042 009 022
0.057 0102 0.24 26 0.141 0117 0.085 Martinovic et al. 1999
0.044 0.134 0.294 21 0.161 0.089 0.088 Martinovic Klari¢ et al. 2001
0.043 0.099 016 0153 0.117 0.065 0.093  Martinovic¢ Klari¢ et al. 2005
Power of discrimination
FGA THO1 TPOX CSF1PO D5S818 D13S317 D7S820 Reference
0962 091 0.793 0.862 0.883 0919 0932 Martinovi¢ Klari¢ et al. 2005
+ current study (Baranja)
0962 0906 0.806 0.869 0.867 0913 0905  Martinovic Klari¢ 2000
0951 0902 0.805 0.855 0.895 0921 0932 Novokmet et al. 2009
0.945 0.887 0.801 0.851 0.81 0915 0911 current study
0958 091 078 0883  0.861 0935 0939  Martinovic Klari¢ 2000
0943 0.898 0.76 0.874 0.859 0.883 0915  Martinovic¢ et al. 1999
0956 0.866 0.706 0.879  0.839 091 0912 Martinovic Klari¢ et al. 2001
0957 0901 0.84 0.847 0.883 0935 0907  Martinovi¢ Klari¢ et al. 2005
Power of exclusion
FGA THO1 TPOX CSF1PO D5S818 D13S317 D75820 Reference
0.725 056 0293 0438 0.507 0.539 0.638  Martinovic Klari¢ et al. 2005
+ current study (Baranja)
0.604 0.632 0335 0.365 0.513 0.488 0.513  Martinovi¢ Klari¢ 2000
0.59 0531 0279 0462 0449 059 0.575 Novokmet et al. 2009
0.751 0.608 0.247 0459 0542  0.586 0.586  current study
0.808 0.546 0.216 0.364 0.35 0.642 0.603  Martinovic¢ Klari¢ 2000
0684 0397 027 0539 0383 033 0.557  Martinovic et al. 1999
0.7 0359 0183 042 0.42 0.505 0.58 Martinovi¢ Klari¢ et al. 2001
0.729 0.554 0374 0.501 0.591 0.591 0.573  Martinovi¢ Klari¢ et al. 2005

Polymorphism information content

FGA THO1 TPOX CSF1PO D5S818 D13S317 D7S820 Reference

0.84 074 056 066 0.69 0.75 0.78  Martinovic¢ Klari¢ et al. 2005
+ current study (Baranja)

085 074 057 066 0.67 0.74 0.73 Martinovic¢ Klari¢ 2000

082 072 057 065 0.7 0.77 079  Novokmet et al. 2009

0.82 072 0.55 0.65 0.64 0.75 0.76 current study

085 076 055 068 0.65 078 079  Martinovic¢ Klari¢ 2000

081 074 052 068 0.64 0.7 074 Martinovic et al. 1999

0.83 068 045 0.68 0.63 0.74 0.74 Martinovi¢ Klari¢ et al. 2001

0.84 072 062 065 0.71 0.79 0.73  Martinovic¢ Klari¢ et al. 2005
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The number of observed alleles ranged from 5 at the loci tal Croatia. The highest number of alleles was observed at
D35S1358 (Krk and Korc¢ula), THOT (NDI), TPOX (Krk, Cres, FGA in all island populations (13 alleles for Hvar and Brac,
Korcula, and NDI), and CSF (Vis) to 17 (FGA) in continen- 12 alleles for Krk, Cres, and Korc¢ula, 11 alleles for NDI, and

TABLE 2. Forensic parameters of nine analyzed STR loci in populations of Southeastern Europe

Matching probability

Population N D3S1358 VWA FGA THO1 TPOX CSF1PO D5S818 D13S317 D7S820 Reference
Montenegro 101 0.082 0.069 0.049 0.079 0.21 0125 0.14 0.077 0.08  Jeran etal. 2007
Serbia 356 0.08 0.061 0.037 0088 0223 0127 0.131 0.086 0.061  Novkovi¢ et al. 2010
North Macedonia 100 0103  0.067 0046 008 0.187 0.113 0.135 0.089 0.077 Havas et al. 2007
Hungary 223 0074 0074 0036 0086 0215 0122 0.12 0.076 0.071  Egyed et al. 2006
Bosnia and Herzegovina 100 0.094  0.063 0.038 0.085 0206 0.125 0.134 0.082 0.073  Marjanovi¢ et al. 2006
Romania 222 0108 0.064 0039 0084 0198 0.115 0.138 0.077 0.073  Marian et al. 2006
Albanians from Kosovo 137 0.095 0.065 0.036 0.088 0.184 0.135 0.128 0.084 0.088 Kubat et al. 2004
Greece 297 0087 0067 004 0077 018 0133 0.114 0.095 0.072  Sénchez-Diz et al. 2008
Slovenia 111 0074 0067 0036 0.098 0.21 0.125 0117 0.09 0.071  current study
Power of discrimination
Population N D3S1358 VWA FGA THO1 TPOX CSF1PO D5S818 D13S317 D7S820 Reference
Montenegro 101 0918 0931 0951 0921 0.79 0.875 0.86 0923 092  Jeran etal. 2007
Serbia 356 092 0939 0963 0912 0777 0.873 0.869 0914 0939  Novkovi¢ et al. 2010
North Macedonia 100 0.897 0933 0954 092 0813 0.887 0.865 091 0923 Havas et al. 2007
Hungary 223 0926 0926 0964 0914 0785 0878 0.88 0.924 0929 Egyed etal. 2006
Bosnia and Herzegovina 100 0906 0937 0962 0915 0794 0.875 0866 0918 0927 Marjanovi¢ et al. 2006
Romania 222 0892 0936 0961 0916 0802 0.885 0.862 0923 0.927  Marian et al. 2006
Albanians from Kosovo 137 0905 0935 0964 0912 0.816 0.865 0872 0916 0912  Kubat et al. 2004
Greece 297 0913 0933 09 0923 0814 0867 0.886  0.905 0928 Sanchez-Diz et al. 2008
Slovenia 111 0926 0933 0964 0902 0.79 0.875 0.883 091 0929 current study
Power of exclusion
Population N D3S1358 VWA FGA THO1 TPOX CSF1PO D5S818 D13S317 D7S820 Reference
Montenegro 101 0464 0531 0757 0.531 032 0403 0.23 0433 0.566 Jeran et al. 2007
Serbia 356 0579 0559 0626 0632 0289 0441 0454  0.559 0.648 Novkovi¢ et al. 2010
North Macedonia 100 0618 051 0695 0562 0428  0.545 0444  0.581 0618 Havas et al. 2007
Hungary 223 0539 0664 0708 0655 0297 0449 0478 0.571 0.531 Egyed et al. 2006
Bosnia and Herzegovina 100 0.618  0.637 0.775 0.527 0.268 0618 0413 0.51 0.527 Marjanovi¢ et al. 2006
Romania 222 0715 0611 0689 0619 0398 0468 0.545 0.561 0.636  Marian et al. 2006
Albanians from Kosovo 137 0535  0.715 0.658 0.701 0415 0497 0473 0.548 0.672 Kubat etal. 2004
Greece 297 0622 0615 0746 0.642 0314 0.526 0462  0.566 0.578 Sénchez-Diz et al. 2008
Slovenia 111 0569 0586 0724 0654 0329 0447 0.506  0.537 0.619  current study
Polymorphism information content
Location N D3S1358 VWA FGA THO1 TPOX CSF1PO D5S818 D13S317 D7S820 Reference
Montenegro 101 0745 0774 0833 0765 0573  0.681 0644 0752 0.79  Jeranetal. 2007
Serbia 356 0751 0791 0.842 0.747 0539 0672 0.673 0.749 0.791  Novkovi¢ et al. 2010
North Macedonia 100 0734 0779 0.838 0757 0599  0.702 0658 074 0.764 Havas et al. 2007
Hungary 223 076 078 085 076 054 0.68 0.68 0.75 0.77  Egyedetal. 2006
Bosnia and Herzegovina 100  0.75 079 086 074 054 0.7 0.66 0.74 0.77  Marjanovi¢ et al. 2006
Romania 222 074 078 085 076 058 0.69 0.67 0.76 0.77  Marian et al. 2006
Albanians from Kosovo 137 0.74 079 085 076 06 0.66 0.67 0.76 0.76  Kubat etal. 2004
Greece 297 075 078 084 077 058 0.67 0.69 0.73 0.77  Sanchez-Diz et al. 2008
Slovenia 11 077 079 086 073 056 0.67 0.69 0.73 0.77  current study
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10 alleles for Vis). Due to the largest number of alleles, the
FGA locus had the highest H of all the analyzed loci in con-
tinental Croatia (0.865), on Brac¢ (0.906), Hvar (0.845), and
Vis (0.867). Although the largest number of alleles was ob-
served in this same locus in other analyzed island popula-
tions, due to the presence of 4 (Krk, NDI, Kor¢ula) to 5 (Cres)

low-frequency alleles, this locus showed a lower H (0.803
for Krk, 0.795 for Cres, 0.878 for NDI, and 0.853 for Korcula),
when compared with THO1 (0.818 for Krk), D351358 (0.820
for Cres), and VWA (0.890 for NDI, 0.905 for Korc¢ula), for
which a much smaller number of alleles was observed, but
rarely with a frequency <2.5%.

Matching probability (PM) simulation

10 1
5 4
——Mainland
o O v —+Krk
% —+—Cres
>
0 NDI
N .5
5 ——Bradé
—=—Hvar
-10 1 | ——Koréula
—Vis
-15 4
'.\y/,..
20 4

D351358 VWA FGA THO1  TPOX CSF1PO D5S818 D13S317 D7S820

FIGURE 1. Matching probability (PM) Z-values in the subpopulations of Croatia in relation to the simulated population. NDI - North

Dalmatian islands.

Power of discrimination (PD) simulation

20
15 A
——Mainland
S 10 - —aKrk
E —+Cres
N 5 NDI
——Braé
—e—Hvar
0 ——Korcula
—Vis
5 4
-10

D3S1358 VWA FGA THO1  TPOX CSF1PO D5S818 D13S317 D7S820

FIGURE 2. Power of discrimination (PD) Z-values in the subpopulations of Croatia in relation to the simulated population. NDI -

North Dalmatian islands.
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If we consider PIC as the second measure of genetic mark-
er informativeness (Table 1), the FGA locus was the most
informative in the populations of continental Croatia, Brac,
Hvar, and Vis, since it also showed the highest PIC — from
0.810 on Hvar to 0.850 on Brac. This locus also had the
highest degree of polymorphism in the populations of Krk
(0.850), Korcula (0.830), and NDI (0.820), but the highest
H was not recorded. The population of Cres was the only
population where the highest degree of the two analyzed
measures was not observed at the FGA locus. On the other

Croat Med J. 2022;63:244-56

hand, the least informative genetic marker in all analyzed
populations was the TPOX locus, as it showed the lowest
H - from 0.495 (Korcula) to 0.663 (Vis), and the lowest PIC —
from 0.450 (Korcula) to 0.620 (Vis).

Forensic parameters in Southeast European
populations

The results of forensic parameters analysis in Southeast Eu-
ropean populations are shown in Table 2 and Figures 6-10.

10
5 1 —+—Mainland
—=—Krk
© —+Cres
2 NDI
> 0 .
N ——Bra¢
—e—Hvar
——Korcula
-5 —Vis
-10

D3S1358 VWA FGA THO1

TPOX CSF1PO D5S818 D13S317 D7S820

FIGURE 3. The power of exclusion (PE) Z-values in the subpopulations of Croatia in relation to the simulated population. NDI - North

Dalmatian Islands.

Polimorphism information content (PIC) simulation

15
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5 4 —+Cres
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N o —e—Hvar
——Korcéula
—Vis
5 J
-10

D3S1358 VWA FGA THO1

TPOX CSF1PO D5S818 D13S317 D7S820

FIGURE 4.The polymorphic information content (PIC) Z-values in the subpopulations of Croatia in relation to the simulated population.

NDI - North Dalmatian Islands.
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The TPOX locus had the highest PMin all the analyzed pop-
ulations (from 0.184 in Albanians from Kosovo to 0.223 in
Serbia), based on the lowest H (with the exception of Mon-
tenegro) and PIC, and therefore also PD and PE. The only
exception was the population of Montenegro, where this
locus still retained the lowest PD, but not PE. Namely, the

Average Z-values
10

—PM

Z-value
o

-10
Kortula Hvar NDI Krk Vis Cres Brat  Mainland

Population

FIGURE 5. Average Z-values of individual forensic parameters
(PM, PD, PE, PIC) for nine loci (D351358, VWA, FGA, THO1,
TPOX, CSF1PO, D55818, D135317, D7582) in the Croatian
subpopulations.

D5S818 locus had the lowest PE in this population, as well
as the lowest H On the other hand, the FGA locus was the
most polymorphic and heterogeneous locus in all popula-
tions. The only exceptions were the populations of Serbia,
Romania, and Albanians from Kosovo. The highest H in the
Serbian population was recorded at the D75820 locus, in
the Romanian population at D351358, and in the Kosovo
Albanian population at VWA. These loci also had the high-
est degree of PE in these populations, unlike all other pop-
ulations in which the highest PD and the PE were recorded
at the FGA locus.

The informativeness of the nine analyzed STR loci was as-
sessed by using the same two measures as for the Cro-
atian subpopulations, H and PIC. The FGA locus had the
highest H in most of the analyzed populations. Although
the highest number of alleles was observed in this same
locus in all analyzed populations, due to the presence of
2 (population of Romania) to 7 (populations of Serbia and
Albanians from Kosovo) low-frequency alleles, this locus
in some populations showed a lower H. If we take into
account H and PIC (Table 2), the FGA locus was the most
informative in Montenegro, North Macedonia, Hungary,
Bosnia and Herzegovina, Greece, and Slovenia, exhibiting
the highest H and PIC (from 0.860 in Bosnia and Herze-
govina and Slovenia to 0.833 in Montenegro). The highest
PIC was also observed at this same locus in all other an-
alyzed populations (populations of Serbia, Romania, and
Albanians from Kosovo), but without the highest degree
of heterozygosity. On the other hand, the TPOX locus was

Matching probability (PM) simulation

—e—Slovenia
—m—Croatia
—+—Bosnia and Herzegovina
Serbia
0 v —#—Hungary
—e—Romania
o —+—N. Macedonia
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© ———Greece
? 51 Kosovo (Albanians)
N
-10 A
-15

D3S1358 VWA FGA THO1 THO1

CSF1PO D5S818 D13S317 D7S820

FIGURE 6. Matching probability (PM) Z-values in the populations of Southeastern Europe in relation to the simulated population.

NDI - North Dalmatian islands.
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the least informative as it showed the lowest degree of
polymorphism in all analyzed populations (from 0.539 in
Serbia to 0.600 in Albanians from Kosovo) and the lowest
H (from 0.580 in Bosnia and Herzegovina to 0.700 North
Macedonia) in all populations, except in the population of
Montenegro, where the lowest value of H was measured
atthe D5S818 locus.

Z-values of the analyzed forensic parameters in
Croatian subpopulations

The largest deviations of PM were observed at the loci
THO1 and TPOX among participants from Korcula, and at
the locus TPOX in the population of Vis (Figure 1). The larg-
est deviations of PD were observed at the THO1 and TPOX
loci among participants from Korcula, followed by the
population of Hvar, where deviations were observed at the
D3S1358 and FGA loci. Deviations at the TPOX and D75820
loci were observed in the Vis population, while deviations
at the FGA, THO1, and D5S818 loci were observed in the
NDI population (Figure 2). The smallest and most uniform
deviations were determined for PE (Figure 3). However,
when inspecting the observed deviations in detail, we
observed that they were again largest in the populations
of Korcula, Hvar, and Vis. The largest deviations of the PIC
were again shown at the TPOX and THO1 loci in the popu-
lation of Korcula, at the TPOX locus in the population of
Vis, and at the D75820 locus in the population of Krk and
Vis (Figure 4).

Croat Med J. 2022;63:244-56

The largest average values of the four analyzed forensic
parameters in the studied Croatian subpopulations were
found in the population of Korcula, followed by the popu-
lation of Hvar. The smallest deviations were found in the
mainland population (Figure 5).

Z-values of analyzed forensic parameters in Southeast
European populations

The largest deviations of PM were observed at the D351358
locus in the populations of Romania and North Macedo-
nia, and at the FGA locus in the population of Montene-
gro (Figure 6). The largest deviations of PD were observed
at the D3S1358 locus in the populations of Romania and
North Macedonia and at the FGA locus in the population
of Montenegro (Figure 7). The largest deviations of PE were
found at the loci D55818 and D13S317 in the population of
Montenegro, and the loci THO1 and D7S820 in the popula-
tion of Croatia (Figure 8). The largest deviations of the PIC
degree of polymorphism were found at the THO1 locus in
the population of Slovenia, followed by the FGA locus in
the population of Montenegro, Slovenia, Bosnia and Her-
zegovina, and Croatia (Figure 9).

The average values of the four analyzed forensic parameters
for all nine loci in the studied Southeast European popula-
tions are shown in Figure 10. The largest deviations were
found in the population of North Macedonia, followed by
Romania, Albanians from Kosovo, and Montenegro.

Power of discrimination (PD) simulation
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FIGURE 7. Power of discrimination (PD) Z-values in the studied populations of Southeastern Europe in relation to the simulated

population.
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DISCUSSION

In our study, based on the conducted informativeness
analyses of STR loci, the FGA locus was the most informa-
tive, while the TPOX locus was the least informative locus
in most analyzed Croatian subpopulations. This finding
confirms the results of previous research (9), which deter-
mined the highest genetic diversity (heterozygosity) for
the FGA locus (83.9%-86.9%), and the lowest for the TPOX
locus (50.9%-67.6%). Similar findings for these two loci

have been confirmed in Southeast European populations
and other similar studies (8,27).

Influence of interpopulation relations on forensic
parameters of STR markers

Although the degree of total genetic differentiation (FST)
for the studied Croatian subpopulations was low, which
indicates low substructuring, the difference between indi-
vidual population groups cannot be ignored and should

Power of exclusion (PE) simulation

10 ——Slovenia
—=—Croatia
+—Bosnia and Herzegovina
5 J Serbia
——Hungary
—e—Romania
g ——N. Macedonia
E 0 ——Montenegro
N —Greece
Kosovo (Albanians)
-5 4
-10

D3S1358 VWA FGA THO1 TPOX CSF1PO D5S818 D13S317 D7S820

FIGURE 8. The power of exclusion (PE) Z-values in the studied populations of Southeastern Europe in relation to the simulated

population.

Polymorphism information content (PIC) simulation
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FIGURE 9. The polymorphic information content (PIC) Z-values in the studied populations of Southeastern Europe in relation to the

simulated population.
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be taken into account when creating an appropriate pop-
ulation DNA database. Bearing in mind the structural com-
plexity of Croatia, whose subpopulations still retain their
distinctive features shaped by different ethno-historical
migratory processes and lifestyles, it is necessary to de-
termine the impact of small but significant substructuring
levels in particular populations (28).

Croatia has numerous island populations with pronounced
endogamy practices, which in small communities can lead
to consanguinity (29). Diversity caused by substructuring
due to isolation and blood relationship may be empha-
sized in specific populations, and may be important for fo-
rensic evaluation of DNA profiles (30,31). If such relation-
ships exist within the population, it is necessary to develop
more precise population DNA databases. In order to help
create a DNA database that would best represent the sub-
structuring of the Croatian population, we compared the
forensic parameters of genetic STR loci calculated for each
population group with a potential reference base obtained
by random selection from the analyzed data. The largest
deviations were observed in the population of the island

Croat Med J. 2022;63:244-56

of Korcula, followed by the island of Hvar. Since the previ-
ously described methods suggested that the population
of Korcula was the most closed and isolated, the deviation
of this population indicates that substructuring influenced
the forensic parameters of the studied STR markers. On the
other hand, the smallest deviations from the “random sam-
ple”were observed in the mainland population, as expect-
ed. The obtained results indicate the specificity of individ-
ual populations that should be taken into account when
creating a reference DNA database of all subpopulations
in Croatia. Such a database would be used to determine
the frequency of alleles of different loci and to statistically
calculate the “rarity” of a particular DNA profile within the
general population (32,33).

The results of the forensic parameters analysis in all stud-
ied Croatian and Southeast European populations suggest
the lowest informativeness of the TPOX locus, which had
the highest PM in all analyzed populations, as well as the
lowest H and PIC. On the other hand, the most informative
locus was the FGA. The FGA was the most polymorphic lo-
cus with the highest degree of heterozygosity, as well as

Average Z-values

Z-value

-3

—PD

PIC

Hungary Serbia Slovenia Greece Croatia Bosniaand Montenegro Kosovo Romania N.
Herzegovina (Alabanians) Macedonia
Population

FIGURE 10. Average Z-values of individual forensic parameters (PM, PD, PE, PIC) for nine STR loci (D351358, VWA, FGA, THO1, TPOX,
CSF1PO, D55818, D135317, D7S82) in the studied populations of Southeastern Europe.

www.cmj.hr



Novokmet et al: Influence of genetic sub-structuring of statistical forensic parameters on genetic STR markers CM l'

discriminant power and PE, and the lowest values of PM in
most populations. The standard index of genetic diversity,
as well as genetic diversity at the molecular level, also de-
termined the lowest values at the TPOX and the highest at
the FGA locus.

The average values of basic forensic parameters for all nine
loci showed greater deviations at the level of Croatian sub-
populations than at the level of Southeast European popu-
lations. In Croatia, the largest deviations were found in the
population of the Korcula, followed by the population of
Hvar, while the smallest deviations were found in the main-
land population. Among Southeast European populations,
the largest deviations were observed in the population of
North Macedonia, followed by the populations of Roma-
nia, Albanians from Kosovo, Montenegro, Bosnia and Her-
zegovina, and Croatia.

The comparison of forensic parameters between different
subpopulations of Croatia and Southeast Europe indicates
that the isolation of individual Croatian subpopulations
and certain rare alleles in their gene pool affect the values
of forensic parameters. This should be taken into account
in the sampling of the total population when creating a
DNA database of STR markers. Individuals from such iso-
lates must be represented in sufficient numbers to com-
ply with the above rule, and rare alleles characteristic of
Croatian subpopulations were included in the represen-
tative base used in this article. The main limitation of our
study was using only 9 STR loci, because it was the usual
available raw data. Furthermore, we were limited to the se-
lected population data from the Southeastern European
region that were published at the time and could not use
all the population data. However, our results confirm that
the influence of structuring of the two hierarchal levels as-
sessed in our research could be determined with this num-
ber of loci. Additional research should further explain the
influence of more STR of loci on substructuring, as well as
perform the comparison with larger population data sets.

Acknowledgements We are grateful to the inhabitants of the Croatian in-
sular and mainland populations and to all the donors for providing blood
samples. We thank the provider of the Slovenian samples, Professor Maruska
Vidovi¢. We also gratefully thank Professor Nina Smolej Naranci¢, Professor
Tatjana Skari¢ Juri¢, Professor Lajos Szirovicza, Professor Staso Forenbaher
and director of the Institute for Anthropological Research Sasa Missoni, PhD
for their support.

Funding The study was supported by the Ministry of Science, Education
and Sport of the Republic of Croatia (Grants No. 196-1962766-2751 to PR,
062-19627660309 to Miljenko Kapovi¢ and 309-1300855-2738 to D.M.

Ethical approval was given by the Ethics Committee, Institute for Anthro-
pological Research (130-165/10).

Declaration of authorship NN, MPS, PR, DM conceived and designed the
study; NN, MPS; VS, PP acquired the data; NN, VS, PP; JS; DHA, PR, DP, DM ana-
lyzed and interpreted the data; NN, MPS, VS, PP, J5, DHA drafted the manu-
script; all authors critically revised the manuscript for important intellectual
content; all authors gave approval of the version to be submitted; all au-
thors agree to be accountable for all aspects of the work.

Competing interests All authors have completed the Unified Competing

Interest form at www.icmje.org/coi_disclosure.pdf (available on request

from the corresponding author) and declare: no support from any organi-

zation for the submitted work; no financial relationships with any organiza-

tions that might have an interest in the submitted work in the previous 3

years; no other relationships or activities that could appear to have influ-

enced the submitted work.

References

1 Wyner N, Barash M, McNevin D. Forensic Autosomal Short
Tandem Repeats and Their Potential Association with Phenotype.
Front Genet. 2020;+++:11. Medline:32849844 doi:10.3389/
fgene.2020.00884

2 Marjanovi¢ D, Primorac D. Molekularna i forenzi¢na genetika,
INGEB, Sarajevo, 2009.

3 El-Alfy. Sherif H., Ahmed F. Abd El-Hafez. Paternity Testing and
Forensic DNA Typing by Multiplex STR Analysis Using ABI PRISM
310 Genetic Analyzer. J Genet Eng Biotechnol. 2012;10:101-12.
doi:10.1016/j.,jgeb.2012.05.001

4 Butler JM. Advanced Topics in Forensic DNA Typing: Methodology,
Elsevier, Inc., Waltham, 735 MA, USA, 2012.

5  Sprecher C, Krenke B, Amiott B, Rabbach D, Grooms K. The
PowerPlexTM 16 System. Profiles in DNA. 2000;4:3-6.

6 Dogan S, Kovacevic L, Marjanovi¢ D. Genetic Polymorphisms
of 15 STR Loci within Turkish Student Population Living in
Sarajevo, Bosnia and Herzegovina. Coll Antropol. 2013;37:1313-9.
Medline:24611350

7  Gettings KB, Aponte RA, Vallone PM, Butler JM. STR allele sequence
variation: Current knowledge and future issues. Forensic Sci
Int Genet. 2015;18:118-30. Medline:26197946 doi:10.1016/j.
fsigen.2015.06.005

8  Pilav A, Pojski¢ N, Ahatovi¢ A, Dzehverovi¢ M, Cakar J, Marjanovi¢
D. Allele Frequencies of 15 STR Loci in Bosnian and Herzegovinian
Population. Croat Med J. 2017;58:250-6. Medline:28613042
doi:10.3325/cmj.2017.58.250

9  Martinovi¢ Klari¢ |, Peri¢i¢ M, Bara¢ Lauc L, Janicijevi¢ B, Kubat
M, Pavici¢ D, et al. Genetic Variation at nine short tandem repeat
loci in the Croatian populations. Hum Biol. 2005;77:471-86.
doi:10.1353/hub.2005.0065

10 Novokmet N, Marjanovi¢ D, Skaro V, Proji¢ P, Lauc G, Grahovac
B, et al. Forensic Efficiency Parameters for the 15 STR Loci in
the Population of the Island of Cres (Croatia). Coll Antropol.
2009;33:1319-22. Medline:20102087

11 Novokmet N, Marjanovi¢ D, Skaro V, Proji¢ P, Lauc G, Grahovac
B, et al. Genetic polymorphisms of 15 STR loci in the population
of the island of Cres (Croatia). Ann Hum Biol. 2011;38:12-21.
Medline:20446818 doi:10.3109/03014461003789127

12 Martinovic Klari¢ I. Population Structure of the Rural Communities

www.cmj.hr

255


www.icmje.org/coi_disclosure.pdf
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32849844&dopt=Abstract
https://doi.org/10.3389/fgene.2020.00884
https://doi.org/10.3389/fgene.2020.00884
https://doi.org/10.1016/j.jgeb.2012.05.001
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24611350&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24611350&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26197946&dopt=Abstract
https://doi.org/10.1016/j.fsigen.2015.06.005
https://doi.org/10.1016/j.fsigen.2015.06.005
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28613042&dopt=Abstract
https://doi.org/10.3325/cmj.2017.58.250
https://doi.org/10.1353/hub.2005.0065
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20102087&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20446818&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20446818&dopt=Abstract
https://doi.org/10.3109/03014461003789127

256 12th ISABS CONFERENCE

13

14

15

16

17

18

19

20

21

22

on the Island of Krk (Croatia): A Comparison of Genetic,

Cultural, and Geographic Data. A J. Hum Biol. 2000;12:509-
25.doi:10.1002/1520-6300(200007/08)12:4<509::AID-
AJHB11>3.0.C0O;2-X

Martinovic¢ Klari¢ I, Bara¢ L, Bukovi¢ D, Fura¢ |, Geber G. STR
Polymorphisms in the population of the island of Bra¢, Croatia.
Homo. 2000;51:141-50.

Martinovi¢ |, Barac L, Furac |, Janicijevi¢ B, Kubat M, Peric¢i¢ M, et al.
STR Polymorphisms in the Population of the Island of Hvar. Hum
Biol. 1999;71:341-52. Medline:10380371

Martinovic Klari¢ I, Bara¢ L, Bukovi¢ D, Fura¢ |, Geber G,
Janicijevi¢ B, et al. Short tandem repeat (STR) variation in

eight village populations of the islad of Korcula (Croatia).

Ann Hum Biol. 2001;28:281-94. Medline:11393335
doi:10.1080/030144601300119098

Jeran N, Havas D, lvanovi¢V, Rudan P. Genetic Diversity of 15 STR

Locy in a Population of Montenegro. Coll Antropol. 2007;31:847-52.

Medline:18041398

Havas D, Jeran N, Efremovska Lj, Dordevi¢ D, Rudan P. Population
Genetics of 15 AmpfISTR Identifiler Loci in Macedonians and
Macedonian Romani (Gypsy). Forensic Sci Int. 2007;173:220-4.
Medline:17307318 doi:10.1016/j.forsciint.2006.10.027

Novkovi¢ T, Pani¢ B, Banjac A, Kovac Peki¢ T. Tomisi¢ - Kosic I,
Vuceti¢ - Dragovi¢ A. Genetic polymorphisms of 15 AmpFISTR
Identifiler loci in a Serbian population. Forensic Sci Int Genet.
2010;4:149-50. doi:10.1016/j.fsigen.2009.08.012

Egyed B, Fuiredi S, Angyal M, Balogh |, Kalmar L, Padar Z. Analysis of
the population heterogeneity in Hungary using fifteen forensically
informative STR markers. Forensic Sci Int. 2006;158:244-9.
Medline:16143479 doi:10.1016/j.forsciint.2005.07.004
Marjanovic¢ D, Bakal N, Pojski¢ N, Kapur L, Drobni¢ K, Primorac

D, et al. Allele frequencies for 15 short tandem repeat loci in a
representative sample of Bosnians and Herzegovinians. Forensic
Sci Int. 2006;156:79-81. Medline:16410155 doi:10.1016/j.
forsciint.2005.01.006

Marian C, Anghel A, Bel SM, Ferencz BK, Ursoniu S, Dressler

M, et al. STR data for the 15 AmpFISTR identifiler loci in the
Western Romanian Population. Forensic Sci Int. 2007;170:73-5.
Medline:16806768 doi:10.1016/j.forsciint.2006.04.011

Kubat M, Skavi¢ J, Behluli |, Nuraj B, Bekteshi T, Behluli M, et al.
Population genetics of the 15 AmpFISTR Identifiler loci in Kosovo
Albanians. Int J Legal Med. 2004;118:115-8. Medline:14740227
doi:10.1007/500414-004-0430-y

www.cmj.hr

23

24

25

26

27

28

29

30

31

32

33

Croat Med J. 2022;63:244-56

Sanchez-Diz O, Menounos PG, Carracedo A, Skitsa |. 16 STR data
of a Greek population. Forensic Sci Int Genet. 2008;2:e71-2.
Medline:19083833 doi:10.1016/j.fsigen.2008.01.002

Miller SA, Dykes DD, Polesky HF. A simple salting out procedure
for extracting DNA from human nucleated cells. Nucleic Acids Res.
1998;16:1215. Medline:3344216 doi:10.1093/nar/16.3.1215

Tereba A.Tools for analysis of population statistics. Profiles in DNA,
3. Promega Corporation. 1999;3:14-6.

Ivankovi¢ D. Osnove statisticke analize za medicinare. [In Croatian]
Medicinski fakultet Sveucilista u Zagrebu, Zagreb, 1991.

Sun G, McGarvey ST, Bayoumi R, Mulligan CJ, Barrantes R, Raskin S,
et al. Global genetic variation at nine short tandem repeat loci and
implications on forensic genetics. Eur J Hum Genet. 2003;11:39-49.
Medline:12529704 doi:10.1038/sj.ejhg.5200902

Rudan P, Janicijevi¢ B, Jovanovic V, Milici¢ J, Naranci¢ NS, Sujoldzi¢
A, et al. Holistic anthropological research of Hvar Islanders,
Croatia—-from parish registries to DNA studies in 33 years. Coll
Antropol. 2004;28 Suppl 2:321-43. Medline:15571107

Ziv E, Gonzélez Burchard E. Human Population Structure and
Genetic Association Studies. Pharmacogenomics. 2003;4:431-41.
Medline:12831322 doi:10.1517/phgs.4.4.431.22758

Zhivotovsky LA. Estimating divergence time with the use of
microsatellite genetic distances: impacts of population growth
and gene flow. Mol Biol Evol. 2001;18:700-9. Medline:11319254
doi:10.1093/oxfordjournals.molbev.a003852

Kaariainen H, Muilu J, Perola M, Kristiansson K. Genetics in an
Isolated Population like Finland: A Different Basis for Genomic
Medicine? J Community Genet. 2017;8:319-26. Medline:28730583
doi:10.1007/s12687-017-0318-4

Butler JM. Forensic DNA Typing: Biology, Technology, and Genetics
of STR Markers (2nd Edition). Elsevier Academic Press, New York,
2005.

Budowle B, Chakraborty R. Population variation at the

CODIS core short tandem repeat loci in Europeans. Leg Med
(Tokyo). 2001;3:29-33. Medline:12935730 doi:10.1016/51344-
6223(01)00008-6


https://doi.org/10.1002/1520-6300(200007/08)12:4<509::AID-AJHB11>3.0.CO;2-X
https://doi.org/10.1002/1520-6300(200007/08)12:4<509::AID-AJHB11>3.0.CO;2-X
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10380371&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11393335&dopt=Abstract
https://doi.org/10.1080/030144601300119098
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18041398&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18041398&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17307318&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17307318&dopt=Abstract
https://doi.org/10.1016/j.forsciint.2006.10.027
https://doi.org/10.1016/j.fsigen.2009.08.012
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16143479&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16143479&dopt=Abstract
https://doi.org/10.1016/j.forsciint.2005.07.004
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16410155&dopt=Abstract
https://doi.org/10.1016/j.forsciint.2005.01.006
https://doi.org/10.1016/j.forsciint.2005.01.006
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16806768&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16806768&dopt=Abstract
https://doi.org/10.1016/j.forsciint.2006.04.011
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14740227&dopt=Abstract
https://doi.org/10.1007/s00414-004-0430-y
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19083833&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19083833&dopt=Abstract
https://doi.org/10.1016/j.fsigen.2008.01.002
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3344216&dopt=Abstract
https://doi.org/10.1093/nar/16.3.1215
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12529704&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12529704&dopt=Abstract
https://doi.org/10.1038/sj.ejhg.5200902
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15571107&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12831322&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12831322&dopt=Abstract
https://doi.org/10.1517/phgs.4.4.431.22758
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11319254&dopt=Abstract
https://doi.org/10.1093/oxfordjournals.molbev.a003852
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28730583&dopt=Abstract
https://doi.org/10.1007/s12687-017-0318-4
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12935730&dopt=Abstract
https://doi.org/10.1016/S1344-6223(01)00008-6
https://doi.org/10.1016/S1344-6223(01)00008-6

