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Analysis of 8 X-chromosomal
markers in the population of
central Croatia

Aim To analyze 8 X-linked short tandem repeat (STR) mark-
ers in the population of central Croatia and to evaluate
their forensic efficiency.

Methods We carried out a statistical analysis of the data
from previously performed genetic analyses, collected
during routine forensic work by the Forensic Science Cen-
tre“lvan Vuceti¢” Mentype® Argus X-8 PCR amplification kit
was used for typing the data of 99 unrelated healthy wom-
en and 78 men from central Croatia. Haplotype frequen-
cies were calculated only in male samples. Arlequin 3.5
software was used to assess Hardy-Weinberg equilibrium
(HWE), linkage disequilibrium (LD), observed and expected
heterozygosity. Power of discrimination (PD) for men and
women, polymorphism information content (PIC), power
of exclusion, and mean exclusion chance for deficiency
cases, normal trios, and duos were determined using on-
line database Chrx-STR.org.

Results In female samples, deviations from HWE (P=0.006)
for each locus were not found. LD test performed both
on female and male samples revealed no significant as-
sociation between markers (P=0.002). DXS10135 was
the most polymorphic locus (PIC=0.931). PD varied from
0.692 to 0.935 in male and from 0.845 to 0.992 in female
samples. Combined PD reached 99.999999% in men and
99.9999999999% in women.

Conclusion Performed analyses revealed that the stud-
ied marker set contained polymorphic markers with high
power of discrimination. We can conclude that Mentype”
Argus X-8 PCR is suitable for application in the population
of central Croatia. Results of this study, together with col-
lected allele and haplotype frequencies, are the first step
in establishing a national reference X-STR database based
on 8 X-STR loci.
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Grskovi¢ et al: X-STR analysis in central Croatia

The X-chromosome is 155 million base pairs (Mb) long and
carries approximately 1250 known genes (1). Men are hem-
izygous for all X chromosomal markers, while women carry
two copies of X chromosome. In the process called X-chro-
mosome inactivation in women, one of their X chromo-
somes is transcriptionally silenced in a complex and highly
coordinated manner according to the Lyon hypothesis (2).
A compact structure called Barr body is formed as the in-
activated X chromosome condenses. The X chromosome
is then stably maintained in a silent state (3). Mutations
on the X chromosome occur less frequently than on au-
tosomes due to several times lower nucleotide mutation
rate in women than in men, which also reduces the X chro-
mosome genetic diversity (4-7). The X chromosome also
shows faster genetic drift than the autosomes as a con-
sequence of the smaller population size (8). This leads to
a more pronounced population structure. In women, the
overall rate of recombination is higher than in men and it
varies along chromosomes in both sexes (9). Recombina-
tion occurs extremely rarely around the centromere and
at the region Xq13.3-Xq21.3, which is distant from the Xp
telomere (10,11). The X chromosome recombines only in
women, therefore, a stronger linkage disequilibrium is ob-
served than in autosomes.

Fathers transmit their X chromosome to daughters as hap-
lotypes. X chromosome-linked short tandem repeat (X-
STR) loci analysis is used in paternity testing, more complex
defciency paternity cases, when half-sisters and/or grand-
mothers are to be examined; paternity testing including
blood relatives; and rare cases of maternity testing (12). Its
advantages are also confirmed in cases when female DNA
traces have to be analyzed against a male background. In
our study, we used Mentype® Argus X-8 kit which includes
markers that are clustered into 4 linkage groups with 2
closely linked markers per group (DXS10135 and DXS8378,;
DXS7132 and DXS10074; HPRTB and DXS10101; DXS10134
and DXS7423) (13). Therefore, two markers of each group
have to be handled as haplotype for genotyping. Tightly
linked STR clusters, which segregate as stable haplotypes,
are important for solving complex kinship cases. The use-
fulness of such clusters is determined by the stability
against recombination. It has been already documented
that using four tightly linked X-STRs provides stable hap-
lotypes and they have been evaluated for forensic work in
several studies (14-19).

To our knowledge, there are no published population data
on X-STR diversity in central Croatia. Therefore, the aim of
this study was the detailed genetic characterization of 8 X-
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STR markers in the population of central Croatia. Also, our
goal was to define the population structure of this region
and to evaluate the forensic efficiency of the used X-STR
markers. The association between those 8 X-STR mark-
ers was also analyzed. Finally, we performed a population
comparison between central Croatian and European and
non-European populations.

METHODS
Study sample

In this study, we followed the guidelines on the use of STRs
in forensic analysis created by DNA Commission of the In-
ternational Society of Forensic Genetics (20-23).

We carried out a statistical analysis of the data from previ-
ously performed genetic analyses, collected during routine
forensic work by the Forensic Science Centre “lvan Vucetic!
Data for 99 healthy women and 78 men from the follow-
ing counties of central Croatia were used: Zagrebacka,
Sisacko-moslavacka, Karlovacka, Bjelovarsko-bilogorska,
and the city of Zagreb. Participants from all central Croa-
tian counties were included in an attempt to account for
any subpopulation variations. The sample size was select-
ed according to the size of the studied population (@approx-
imately 2 million) and according to sample sizes in previ-
ous studies (16,17,19). The participants were not related
and the samples were of sufficient quality and quantity to
be included in statistical analysis. The study was approved
by the Ethics Committee of the Institute for Medical Re-
search and Occupational Health, Zagreb, Croatia.

DNA analysis

Genomic DNA from all samples from the materials exper-
tise was extracted from Filter Technology Associates (FTA)
cards (Whatman, Maidstone, Kent, UK) and buccal swabs
(Whatmann) using Chelex (24). Mentype® Argus X-8 PCR
amplification kit (Biotype AG, Dresden, Germany) (13) was
used for the amplification of 8 X-STRs: amelogenin for sex
determination, DXS7132, DXS7423, DXS8378, DXS10074,
DXS10101, DXS10134, DXS10135, and HPRTB according to
manufacturer’s instruction. Mentype® Argus X-8 PCR am-
plification kit is a highly informative tool for kinship testing,
because each of the 4 STR clusters spans less than 0.5 cM
and represents a stable haplotype (14,25).

X-STR amplification products were analyzed on 3130xl
Genetic Analyzer (Applied Biosystems, Foster City,
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TABLE 1. Allele frequencies at 8 X-short tandem repeat loci in the population of central Croatia (N=177)*
Allele  DXS10135 DXS8378 DXS7132 DXS10074 HPRTB DXS10101 DXS10134 DXS7423 Allele

7 0.03986 0.02536 7

8 0.15217 8

9 0.01449 0.00725 9

10 0.32971 0.01087 10
" 0.36957 0.00362 0.00362 0.10870 1
1.2 0.00362 1.2
12 0.24638 0.10870 0.00362 0.31884 12
13 0.03986 0.32609 0.01087 0.30797 0.09783 13
14 0.33333 0.01087 0.19203 0.31884 14
15 017391 0.06884 0.02536 041667 15
15.3 0.00362 15.3
16 0.00362 0.04348 0.22464 0.00725 0.13406 16
17 0.01087 0.01087 0.24638 0.03261 17
18 0.04348 0.16667 18
19 0.06159 0.05797 19
19.1 0.00362 191
20 0.04348 0.00725 20
20.1 0.03261 20.1
21 0.06159 21
211 0.02174 211
22 0.05797 22
221 0.00725 221
23 0.08333 23
231 0.01449 231
24 0.08696 24
25 0.09420 25
251 0.00725 251
25.2 0.01449 252
26 0.09420 26
26.2 0.00362 26.2
27 0.09783 0.00362 27
27.2 0.05072 27.2
28 0.05072 0.02174 28
28.2 012319 28.2
29 0.04710 0.06884 29
29.2 0.12319 292
30 0.03986 0.02899 0.00362 30
30.2 0.16304 0.00362 30.2
31 0.02174 0.08333 0.01087 31
31.2 0.11232 31.2
32 0.00725 0.07609 0.00362 32
322 0.04710 32.2
33 0.04710 0.05435 33
332 0.01087 332
34 0.00362 0.01812 0.12681 34
342 0.00362 34.2
35 0.19928 35
352 0.00362 35.2
36 0.20652 36
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TABLE 1. Continued. Allele frequencies at 8 X-short tandem repeat loci in the population of central Croatia (N=177)*

Allele  DXS10135 DXS8378 DXS7132 DXS10074

37

371

372

373

38

383

39

393

40

403

41

413

423

433

P 0.807 0.249 0498 0.082
SD 0.000 0.000 0.000 0.000
Ho 0.95960 0.67677 0.75758 0.80808
He 0.9401 0.69656 0.74348 0.82900

HPRTB DXS10101 DXS10134 DXS7423 Allele

0.17029 37
0.00362 371
0.00725 372
0.00725 37.3
0.06159 38
0.02536 383
0.01087 39
0.03986 393
0.00362 40
0.02174 40.3
0.00362 4
0.01449 41.3
0.01087 42.3
0.00725 433
0.730 0.347 0.6646 0.362 P
0.000 0.000 0.000 0.000 SD
0.78788 0.89899 0.84848 0.76768 Ho
0.76050 0.89781 0.85992 0.70164 He

*Abbreviations: P-value - result of Hardy-Weinberg equilibrium test with a significance level 0.006; SD - standard deviation; Ho — observed heterozy-

gosity; He - expected heterozygosity.

CA, USA). Data analysis was performed using Genemap-
per® software (version 3.2, Applied Biosystems). Amplicon
sizing was performed using an internal size standard (DNA
Size Standard 550 —ROX, Biotype AG), and the amplicons
were compared with the Mentype® Argus X-8 allelic ladder
(Biotype AG) for unambiguous allele designation.

Statistical analysis

The allele and haplotype frequencies were determined
by counting. Arlequin 3.5 software (26) was used to as-
sess population parameters, perform statistical inference,
and compare allele frequencies between different popu-
lations. Hardy-Weinberg equilibrium (HWE) exact test, in-
cluding observed (Ho) and expected heterozygosity (He),
was performed for female samples. Linkage disequilibrium
(LD) pair-wise loci test was performed both for female and
male samples. Haplotype frequencies were calculated only
in male samples. For HWE and LD tests, Bonferroni correc-
tion was used to determine the significance level. Signifi-
cance level for HWE testing was 0.006 and for LD testing
0.002. Genetic heterogeneity within population was esti-
mated as gene diversity for male haplotype data. Power
of discrimination (PD) for men and women was calculated
according to Desmarais et al (27). Other forensic param-
eters, such as polymorphism information content (PIC),
power of exclusion (PE), mean exclusion chance (MEC) for

deficiency cases (Krlger's formula), normal trios (Kishida’s
formula) and duos (Desmarais’ formula) were determined
using ChrX-STR.org online database that calculates popu-
lation-genetic data (28). The haplotype frequencies from
central Croatia were compared with those from German,
Japanese, and Ghanaian population samples by applying
exact test of population differentiation. For comparison
with Polish population, exact test based on allele frequen-
cies was used, because no haplotype frequencies were
available in ChrX-STR.org online database (28). Exact test
based on allele frequencies was also used for comparison
with the population of Bosnia and Herzegovina for the loci
DXS8378,DXS7132, HPRTB, and DXS7423. Arlequin 3.5 soft-
ware was used for allele and haplotype frequencies com-
parison. Significance level for interpopulation comparison
was set to 0.025 after Bonferroni correction (26).

RESULTS

We determined allele frequencies, Ho and He, and P val-
ues for the HWE of 8 X-STR in the population of central
Croatia (Table 1). Seven variant alleles were observed at
the DXS10135 (15.3,19.1, 20.1, 21.1, 22.1, 23.1, 25.1), 1 at
the HPRTB (11.2), 10 at the DXS10101 (25.2, 26.2, 27.2,
282,292,302, 31.2,322,332,and 34.2), and 11 at the
DXS10134 (30.2, 35.2, 37.1, 37.2, 37.3, 383, 39.3, 40.3,
413, 423, and 43.3). The variant alleles 15.3 at the
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DXS10135 and 30.2 and 37.1 at the DXS10134 locus were
found for the first time in the population of central Croa-
tia. Genotype proportions in female samples for each locus
did not show deviations from HWE (Table 1).

All P-values obtained by HWE test were higher than the
significance level that was 0.006 after Bonferroni correc-
tion. LD test, which was performed both on female and
male samples, revealed no significant association between
the studied markers, because all P-values were higher than
the significance level after applying Bonferroni correction
(0.002) (Table 2). Although LD test did not found a signifi-
cant linkage between studied markers, this could be ex-
plained by the small sample size.

We compared the allele frequencies from our study to
those from the population of southern Poland (29), which

Croat Med J. 2013;54:238-47

is also Slavic in origin. Also, we compared them to the
closely located population of Bosnia and Herzegovina (30).

TABLE 3. Allele frequencies comparison of the population from
central Croatia and populations from Poland and Bosnia and
Herzegovina*

Polish Bosnian and
population Herzegovinian population
Locus P SD P SD
DXS10135 0.159 0.014 NA NA
DXS8378 0.142 0.008 0.667 0.059
DXS7132 0.215 0.013 0441 0.063
DXS10074 0972 0.002 NA NA
HPRTB 0.293 0.019 0.324 0.051
DXS10101 0.056 0.008 NA NA
DXS10134 0.546 0.025 NA NA
DXS7423 0.800 0.008 0.657 0.039

*SD - standard deviation, NA - allele frequencies data were not available.

TABLE 2. Linkage disequilibrium (LD) for 8 X-linked markers in four linkage groups*

Marker pair Linkage group
DXS10135/DXS8378 11
DXS10135/DXS7132 1/2
DXS10135/DXS10074 1/2
DXS10135/HPRTB 1/3
DXS10135/DXS10101 1/3
DXS10135/DXS10134 1/4
DXS10135/DXS7423 1/4
DXS8378/DXS7132 1/2
DXS8378/DXS10074 1/2
DXS8378/HPRTB 1/3
DXS58378/DXS10101 1/3
DXS8378/DXS10134 /4
DXS8378/DXS7423 1/4
DXS7132/DXS10074 2/2
DXS7132/HPRTB 2/3
DXS7132/DXS10101 2/3
DXS7132/DXS10134 2/4
DXS7132/DXS7423 2/4
DXS10074/HPRTB 2/3
DXS10074/DXS10101 2/3
DXS10074/DXS10134 2/4
DXS10074/DXS7423 2/4
HPRTB/DXS10101 3/3
HPRTB/DXS10134 3/4
HPRTB/DXS7423 3/4
DXS10101/DXS10134 3/4
DXS10101/DXS7423 3/4
DXS10134/DXS7423 4/4

LD test female LD test male
P SD P SD
0122 0.003 0.010 0.001
0.661 0.005 0.296 0.001
0.520 0.005 0.302 0.002
0919 0.003 0437 0.003
0.070 0.003 0.115 0.001
0.147 0.004 0480 0.002
0.185 0.004 0.221 0.002
0445 0.005 0.518 0.004
0.527 0.005 0915 0.002
0.397 0.005 0.819 0.002
0.286 0.005 0.101 0.002
0.587 0.006 0.873 0.002
0.310 0.005 0.556 0.003
0.677 0.005 0.545 0.003
0.788 0.004 0.877 0.001
0.758 0.004 0449 0.002
0.761 0.004 0.293 0.001
0.767 0.004 0.765 0.003
0482 0.005 0931 0.002
0.869 0.004 0.270 0.002
0.031 0.002 0.522 0.002
0.210 0.004 0.140 0.002
0.003 0.000 0.054 0.001
0.007 0.000 0.569 0.001
0.808 0.004 0.182 0.002
0.856 0.004 0.763 0.001
0.263 0.004 0.522 0.003
0.872 0.003 0.021 0.001

*Abbreviations: P-value - result of linkage equilibrium test with a significance level 0.002; SD - standard deviation, abbreviations for loci in the link-
age groups: 1. DXS10135 and DXS8378; 2. DXS7132 and DXS10074; 3. HPRTB and DXS10101; 4. DXS10134 and DXS7423.
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No significant differences were found for both popula-
tions; significance level was 0.025 after Bonferroni correc-
tion (Table 3).

Haplotype frequencies of four linkage groups (LG) were
counted in 78 men. The linkage groups 1, 2, 3, and 4 re-
vealed 37, 30, 35 and 30 haplotypes, respectively (Table

CM)

4). Moreover, gene diversity in central Croatian popula-
tion was higher than 0.95 for each LG (Table 4). The most
frequent haplotypes were 25-12 and 24-12 for LG1; 13-16
for LG2; 13-31.2 for LG3; and 35-15 for LG4. Haplotype fre-
quencies for each LG were compared with haplotype fre-
quencies from Japan, Ghana, and Germany (14) (Table 5).
Significant differences were found for every LG for Japa-

TABLE 4. Haplotype frequencies for 8 X-linked markers in four linkage groups in central Croatia (N=78 men)*

Linkage group 1 Linkage group 2

Linkage group 3

Linkage group 4

DXS10135-DXS8378 N Frequency DXS7132 - DXS10074 N Frequency HPRTB-DXS10101 N Frequency DXS10134 - DXS7423 N Frequency

17 12 1 0.0128 n 16 1
18 10 2 0.0256 12 15 1
18 12 2 0.0256 12 17 2
19 10 2 0.0256 12 18 4
19 11 1 0.0128 12 19 1
19 12 3 0.0385 13 8 4
20.1 10 3 0.0385 13 15 2
201 12 1 0.0128 13 16 9
21 10 4 0.0513 13 17 5
21 12 1 0.0128 13 18 3
211 10 2 0.0256 13 19 2
22 10 1 0.0128 14 4
22 11 1 0.0128 14 4
22 12 1 0.0128 14 13 2
23 10 2 0.0256 14 15 3
23 11 2 0.0256 14 16 4
23 12 2 0.0256 14 17 6
231 10 1 0.0128 14 18 3
231 11 1 0.0128 14 19 2
24 10 1 0.0128 14 20 1
24 n 3 0.0385 15 8 1
24 12 6 0.0769 15 14 1
25 10 4 0.0513 15 16 1
25 n 1 0.0128 15 17 4
25 12 6 0.0769 15 18 2
26 11 5 0.0641 15 19 1
26 12 1 0.0128 16 8 1
27 10 2 0.0256 16 17 2
27 11 3 0.0385 17 8 1
27 12 1 0.0128 17 17 1
28 10 2 0.0256

28 n 1 0.0128

28 12 1 0.0128

28 13 1 0.0128

29 " 2 0.0256

30 n 4 0.0513

31 n 1 0.0128

Gene 09734SD  0.0061  Gene 0.9624 SD
diversity diversity

*SD - standard deviation.

0.0128
0.0128
0.0385
0.0128
0.0128
0.0385
0.0385
0.0769
0.0128
0.0641
0.1026
0.0385
0.0128
0.0769
0.0769
0.0128
0.0641
0.0513
0.0128
0.0128
0.0128
0.0256
0.0256
0.0128
0.0256
0.0128
0.0128
0.0641
0.0128
0.0128

0.9587 SD 0.0076

0.0128 9 302 2 0.0256 31 15 1
0.0128 10 302 1 0.0128 32 17 1
0.0256 n 282 1 0.0128 33 15 3
0.0513 n 292 4 0.0513 33 16 1
0.0128 n 30 2 0.0256 33 17 1
0.0513 n 302 1 0.0128 34 14 3
0.0256 n 312 2 0.0256 34 15 3
0.1154 n 322 1 0.0128 34 16 6
0.0641 12 252 1 0.0128 34 17 1
0.0385 12 272 2 0.0256 35 14 5
0.0256 12 282 2 0.0256 35 15 8
0.0513 12 29 1 0.0128 35 16 3
0.0513 12 292 5 0.0641 36 14 1
0.0256 12 302 4 0.0513 36 13 6
0.0385 12 31 2 0.0256 36 15 6
0.0513 12 32 1 0.0128 37 13 1
0.0769 12 322 3 0.0385 37 14 5
0.0385 12 34 1 0.0128 37 15 4
0.0256 13 282 4 0.0513 371 15 1
0.0128 13 292 5 0.0641 373 15 1
0.0128 13 302 1 0.0128 38 13 1
0.0128 13 31 1 0.0128 38 14 2
0.0128 13 312 8 0.1026 38 15 2
0.0513 13 32 4 0.0513 383 14 1
0.0256 13 322 2 0.0256 383 16 2
0.0128 13 33 5 0.0641 39 13 1
0.0128 14 28 1 0.0128 393 14 1
0.0256 14 29 1 0.0128 393 15 5
0.0128 14 292 3 0.0385 403 16 1
0.0128 14 30 1 0.0128 423 17 1

14 302 2 0.0256

14 31 1 0.0128

14 312 1 0.0128

14 32 1 0.0128

15 31 1 0.0128
0.0078  Gene 09680SD  0.0071 Gene

diversity diversity
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nese and Ghanaian population, P-values were lower than
the significance level (0.025 after applying Bonferroni cor-
rection).

DXS10135 was the most polymorphic locus (with 25 alleles,
PIC=0.9306), whereas the lowest values were observed
for DXS7423 and DXS8378 (both with 5 alleles, PIC 0.6316
and 0.6447, respectively). PIC for the whole marker set was
0.999998.PD ranged from 0.6922 to 0.9345 in male samples
and from 0.8447 to 0.9918 in female samples. Combined
PD reached 99.999999% in men and 99.9999999999% in
women (Table 6).

DISCUSSION

We found variant alleles 15.3 at the DXS10135 and 30.2
and 37.1 at the DXS10134 loci, which is the first time these
alleles were found in the population of central Croatia
using Mentype® Argus X-8 PCR amplification kit. A pre-
vious study on the population from Bosnia and Herze-
govina (30) investigated 4 mini X-STRs, divided into 7
pairs of markers (GATA172D05-GATA31E08, DXS7132-
DXS7423, DXS9902-HPRTB, DXS7130-DXS6803, DXS6789-
GATA172D05, DXS8378-GATA172D05, and DXS7424-
DXS130) but since they did not use Mentype® Argus X-8
kit, we could compare only four common loci, DX58378,
DXS7132, HPRTB, and DXS7423. Itis interesting that allele
8 at the HPRTB locus was found only in the population

Croat Med J. 2013;54:238-47

from Bosnia and Herzegovina and allele 11.2 was found
only in central Croatia.

Genetic heterogeneity within the population of central
Croatia was very high for each LG. Gene diversity for fe-
male (equivalent to expected heterozygosity for dip-
loid data) and male data in the population was relative-
ly high and close to 1 for the most informative markers,
DXS10135 and DXS10101. The fact that no gametic asso-
ciation was proven between the loci, both in female and
male samples, could be explained by high mutation rates
for X-STR, which has already been observed in other pop-
ulations (14,20). Obtained haplotype frequencies should
be taken into account when a set of more than a single
meiosis is considered (21).

Significant differences in all LGs between central Croatia,
Japan, and Ghana could be explained by a relatively large
genetic distance between these populations. Although
the population of central Croatia is genetically closer to
German population, significant difference in haplotype
frequencies was found in LG4. This could be due to large
differences in the sample size between our (N=78 men)
and German population (N=439 men) (14).

Forensic parameters for 8 X-STR markers in central Croa-
tian population were comparable to those published else-
where (14-20,22,29). DXS10135,DXS10101,and DXS10134

TABLE 5. Haplotype frequencies comparison of the population from central Croatia and populations from Japan, Ghana, and Ger-

many*
Linkage group P (Croatian vs Japanese)  SD P (Croatian vs Ghanaian) SD P (Croatian vs German) SD
1 0.008 0.003 0.003 0.002 0.115 0.052
2 <0.001 0.000 <0.001 0.000 0.385 0.059
3 <0.001 0.000 <0.001 0.000 0.053 0.022
4 <0.001 0.000 0.008 0.003 0.003 0.003
*SD - standard deviation.
TABLE 6. Forensic parameters for 8 X-linked markers in the population of central Croatia*
Locus Number of alleles PD,., PD, . ven PE MEC, ger MEC, ., ... MEC, @ i
DXS10135 25 0.9345 0.9918 0.9306 0.8663 0.8670 0.9304 0.8741
DXS8378 5 0.6922 0.8447 0.6316 04163 04230 0.6316 04857
DXS7132 7 0.7385 0.8879 0.6948 0.4903 0.5055 0.6948 0.5553
DXS10074 14 0.8278 0.9483 0.8058 0.6517 0.6596 0.8058 0.6907
HPRTB 10 0.7533 0.8992 0.7133 0.5155 0.5295 0.7133 0.5767
DXS10101 19 0.9040 0.9830 0.8962 0.8036 0.8061 0.8960 0.8192
DXS10134 23 0.8623 0.9666 0.8479 0.7192 0.7271 0.8476 0.7488
DXS7423 5 0.6961 0.8562 0.6447 04223 04483 0.6447 0.5004
Combined 0.999999  0.9999999999 0.999998 0.99978 0.99982 0.999998 0.999914

*Abbreviations: PD - power of discrimination; PIC — polymorphism information content; PE — power of exclusion; MEC — mean exclusion chance for
deficiency cases, normal trios, and duos. For forensic parameters calculation, total allele frequencies were used.
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with the PIC value close to 1 (0.9306, 0.8962 and 0.8478,
respectively) increased the discrimination power of 8 X-
STRs in central Croatia. Other forensic parameters, such
as PD, PE, and MEC indicate that Argus X-8 PCR amplifica-
tion kit is suitable for forensic and kinship analysis in the
population of central Croatia, in cases when autosomal
STR markers do not provide the needed information. The
X-STR data for central Croatia obtained in this study were
submitted to ChrX-STR.org online database (28).

In a complex kinship testing, X-STR genotyping can sup-
plement the analysis of autosomal, mitochondrial, and
Y-chromosomal markers. In the last few years, the need
for commercially available and validated X-STR kits has
increased due to a growing number of complex kinship
cases. Intensive studies of the X chromosome discover a
lot of closely linked X-STR markers, which can be included
in the commercially available kits (31-35).

Recent forensic casework, population genetics, and an-
thropological studies have used the relatively new com-
mercially available Investigator Argus X-12 kit (36). Investi-
gator Argus X-12 presents an improvement compared to
Mentype® Argus X-8 in the sense of increased discrimina-
tory power due to four linkage groups with three markers
per group (Amelogenin; DXS10148, DXS10135, DXS8378;
DXS7132, DXS10079, DXS10074; DXS10103, HPRTB,
DXS10101; DXS10146, DXS10134, DXS7423) (36). In addi-
tion, in genotyping three markers of each group should
be handled as a haplotype. The kit was successfully vali-
dated by Edelmann et al (37). More and more X-STR mark-
ers are appearing on the forensic scene. Even though the
number of cases that require X-STRs analysis is still quite
small, forensic community needs to have an appropriate
genetic tool to solve any complex kinship case.

To the best of our knowledge, this is the first population
study of 8 X-linked STRs in Croatia. All the analyzed mark-
ers were in HWE; therefore Hardy-Weinberg laws could
be applied for match probability calculation. The limita-
tion of this study is the relatively small sample size, which
could be further extended to test LD.

X-linked markers in Mentype® Argus X-8 PCR amplifica-
tion kit proved to be highly polymorphic with a high
power of discrimination. Mentype® Argus X-8 was shown
to be a robust kit that could be used as an additional
marker panel for forensic identification, paternity testing,
and kinship determination. The collected allele and hap-
lotype frequencies data could help to establish X-STR kin-
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ship and identification analysis in central Croatia. The re-
sults of our study will be included in the Croatian national
reference X-STR database based on 8 loci. Further studies
are planned to get an overview of the X-STR variability in
all Croatian regions, and there are plans for inclusion of
12 X-STR loci in the database. The implementation of ad-
ditional marker set included in would increase discrimi-
natory power as a very important prerequisite for further
enlargement of Croatian X-STR database.
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