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ABSTRACT
Introduction: Databases of autosomal STR marker allele frequen-
cies are a key tool in forensic genetics, enabling accurate calcula-
tions of kinship probability or DNA profile matching. The avail-
able data for the Polish population mainly concern older marker 
sets. There are no comprehensive publications covering the full 
panel of 23 autosomal loci of the PowerPlex® Fusion 6C system. 
The aim of this study is to present the current allele frequen-
cies for 23 autosomal loci from PowerPlex® Fusion 6C set in the 
Polish population. 
Materials and methods: A total of 1043 genetic profiles obtained 
from buccal swabs collected from individuals of Polish origin 
were analyzed. Amplification was performed with the Pow-
erPlex® Fusion 6C kit, and electropherogram analysis was 
conducted using GeneMapper® ID-X v1.4 software. Statistical 

analyses were carried out with Familias v. 3.4, Arlequin v. 3.5 
and Forstat software. 
Results: Observed heterozygosity (Ho) values ranged from 0.5973 
(TPOX) to 0.9588 (SE33). The highest power of discrimination 
(PD) was observed for SE33 (PD = 0.9939), Penta E (PD = 0.9812), 
and D1S1656 (PD = 0.9809). All loci met Hardy-Weinberg equi-
librium criteria. The combined power of discrimination (CPD) 
was >0.99999999999999999999, and the combined power of 
exclusion (CPE) was 0.999999999967. 
Conclusions: The obtained results confirm the high analytical 
value of the PowerPlex® Fusion 6C system for forensic and kin-
ship testing. The developed allele frequency database represents 
a valuable reference tool for the Polish population. 
Keywords: short tandem repeats; allele frequency; PowerPlex® 

Fusion 6C; forensic genetics; Polish population. 

INTRODUCTION 

Allele frequency databases for autosomal Short Tandem Repeats 
markers (STR) are an essential component of modern forensic 
genetics to estimate the likelihood of a DNA match and perform 
kinship analyses according to accepted statistical standards [1]. 
To obtain valid results, it is necessary to refer to an appropri-
ate reference population database which complies with strict 
requirements regarding sample representativeness and meets 
specific statistical criteria [2]. Previous studies on the allele 
frequencies of autosomal STR markers in the Polish popula-
tion included marker sets analysed with the NGM™ [3, 4, 5] and 
GlobalFiler™ systems [6] by Thermo Fisher Scientific. These 
studies have provided with valuable data, however for currently 
more advanced kits capable of simultaneous amplification of 
multiple markers, such as PowerPlex® Fusion 6C (Promega), 
data for the Polish population remain limited. Until now there 
have been no published studies addressing this system in the 
Polish population. 

The objective of the manuscript is to provide with a com-
prehensive allele frequency database for the panel of 23 auto-
somal STR loci of the PowerPlex® Fusion 6C kit in the Polish 
population sample in accordance with the recommendations 
of the International Society for Forensic Genetics (ISFG) [7]. 

MATERIALS AND METHODS 

Buccal swabs were obtained from 1043 unrelated individuals 
(mothers and alleged fathers) who participated in paternity 
tests at the Forensic Medicine Department, Medical Univer-
sity of Warsaw in 2018–2023. Each profile was additionally 
blind searched for potential kinship taking into account the 
possibility of mutations. Individuals of Polish ancestry were 
included in the analysis, which was confirmed by the signed 
consent on the ‘sample collection and ID verification form’. 
DNA extraction was performed using the SwabSolution™ Kit 
(Promega, USA) according to the manufacturer’s protocol. 
Amplification of STR loci was performed according to the man-
ufacturer’s recommendations in a GeneAmp® PCR System 9700 
(Applied Biosystems, USA) using the PowerPlex® Fusion 6C 
kit (Promega, USA) which allows simultaneous analysis of 27 
loci, including 23 autosomal STRs: D3S1358, D1S1656, D2S441, 
D10S1248, D13S317, Penta E, D16S539, D18S51, D2S1338, CSF1PO, 
Penta D, TH01, vWA, D21S11, D7S820, D5S818, TPOX, D8S1179, 
D12S391, D19S433, SE33, D22S1045, FGA; 3 Y-STR loci: DYS391, 
DYS576, DYS570; and a sex marker Amelogenin. The amplified 
fragments were separated and genotyped in an 3500xl Genetic 
Analyzer (Applied Biosystems, USA) using GeneMapper® ID-X 
v1.4 software (Applied Biosystems, USA). Conformity with 
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TABLE   2. Statistical parameters of PowerPlex® Fusion 6C STR loci in the Polish population 

Locus Alleles Ho He PIC PD PE MP TPI HWE

CSF1PO 9 0.7584 0.7376 0.69 0.8810 0.5242 0.1190 2.07 0.5332

D10S1248 10 0.7335 0.7594 0.72 0.9054 0.4819 0.0946 1.88 0.5812

D12S391 19 0.8754 0.8858 0.87 0.9755 0.7454 0.0245 4.01 0.0567

D13S317 9 0.7814 0.7748 0.74 0.9182 0.5650 0.0818 2.29 0.3965

D16S539 9 0.7747 0.7555 0.72 0.8987 0.5529 0.1013 2.22 0.4068

D18S51 15 0.8907 0.8770 0.86 0.9713 0.7765 0.0287 4.57 0.7559

D19S433 17 0.7756 0.7885 0.76 0.9292 0.5547 0.0708 2.23 0.7696

D1S1656 16 0.8993 0.8994 0.89 0.9809 0.7940 0.0191 4.97 1.0000

D21S11 19 0.8370 0.8518 0.84 0.9611 0.6694 0.0389 3.07 0.3891

D22S1045 9 0.7498 0.7432 0.70 0.8934 0.5094 0.1066 2.00 0.1171

D2S1338 14 0.8696 0.8784 0.87 0.9729 0.7339 0.0271 3.83 0.1018

D2S441 13 0.7766 0.7544 0.71 0.8940 0.5564 0.1060 2.24 0,00459*

D3S1358 9 0.8102 0.7946 0.76 0.9225 0.6180 0.0775 2.63 0.1836

D5S818 9 0.7239 0.7276 0.68 0.8772 0.4662 0.1228 1.81 0.1051

D7S820 13 0.7919 0.8052 0.78 0.9353 0.5842 0.0647 2.40 0.7030

D8S1179 11 0.7958 0.8002 0.77 0.9338 0.5912 0.0662 2.45 0.9928

FGA 16 0.8782 0.8576 0.84 0.9623 0.7512 0.0377 4.11 0.8451

Penta D 11 0.8226 0.8248 0.80 0.9456 0.6417 0.0544 2.82 0.4264

Penta E 20 0.9080 0.9008 0.89 0.9812 0.8117 0.0188 5.43 0.8223

SE33 50 0.9588 0.9484 0.95 0.9939 0.9162 0.0061 12.13 0.0663

TH01 9 0.7632 0.7708 0.74 0.9120 0.5326 0.0880 2.11 0.2005

TPOX 6 0.5973 0.5989 0.55 0.7887 0.2877 0.2113 1.24 0.2613

VWA 9 0.7891 0.8094 0.78 0.9383 0.5789 0.0617 2.37 0.4608

CPD 0.999999999999999

CPE 0.999999999967

CMP 1.15E-29

He – expected heterozygosity; Ho – observed heterozygosity; HWE – Hardy-Weinberg equilibrium; MP – matching probability; PD – power of discrimination; PE – 
power of exclusion; PIC – polymorphism information content; TPI – typical paternity index
* Statistically not significant after Bonferroni’s correction (0.05/23 = 0.0022). 

obtained for the SE33 locus, which also showed the greatest 
allelic diversity (50 variants). This locus also had the highest 
PIC (0.95) confirming its high polymorphic and heterozygotic 
character. High values were also observed for Penta E (Ho = 
0.9079, PD = 0.9812), D1S1656 (Ho = 0.8993, PD = 0.9809), and 
D18S51 (Ho = 0.8907, PD = 0.9713). The lowest heterozygosity 
and discriminatory power were noted for TPOX (Ho = 0.5973, 
PD = 0.7887) and D5S818 (Ho = 0.7239, PD = 0.8772), which exhib-
ited 6 and 9 allelic variants, respectively. 

As shown in Figure 1, loci characterized by a higher num-
ber of allelic variants generally exhibited increased values of 
observed heterozygosity (Ho) and power of discrimination 
(PD). Notably, the D19S433 locus, despite a relatively high num-
ber of detected alleles, showed comparatively lower Ho and 
PD values, which may result from the fact that three allelic 
variants account for approx. 74% of the total allele frequency 
at this locus. 

Hardy-Weinberg equilibrium (HWE) was checked with Arle-
quin v.3.5.2.2 [8]. Forstat [9] was used to obtain allele frequen-
cies, observed (Ho), and expected (He) heterozygosity. Familias 
v.3.4 [10] was used to calculate Typical Paternity Index (TPI), 
Power of Exclusion (PE), Power of Discrimination (PD), and 
Polymorphism Information Content (PIC). Bonferroni correc-
tion was applied for multiple tests (0.05/23 = 0.0022). 

RESULTS 

PowerPlex® Fusion 6C allele frequency distributions in the 
studied Polish population are shown in Table 1, while the cor-
responding statistical parameters are presented in Table 2. All 
analyzed loci met Hardy–Weinberg equilibrium (HWE) after 
Bonferroni correction. The highest observed heterozygosity 
(Ho = 0.9588) and power of discrimination (PD = 0.9939) were 
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FIGURE   1. Relationship between the number of alleles, observed heterozy-
gosity and power of discrimination 

The Combined Values of Matching Probability (CMP) and 
Power of Exclusion (CPE) over the 23 markers are 1.15×10–29 and 
0.9999999999, respectively, confirming the high analytical 
value of the PowerPlex® Fusion 6C kit for forensic applications. 

DISCUSSION 

The obtained results confirm that the PowerPlex® Fusion 6C 
system provides highly polymorphic and informative markers 
suitable for forensic and kinship analyses in the Polish popula-
tion. The obtained results correspond closely to those previously 
reported in Polish studies using the NGM™ and GlobalFiler™ sys-
tems [3, 4, 5, 6, 11]. The high values of Ho and PD for SE33 and 
Penta E are consistent with those obtained in previous studies 
on the PowerPlex® Fusion 6C loci [12, 13, 14, 15, 16]. For these 
markers, the heterozygosity and PD values correspond to those 
reported for other Polish population samples [6] and also of 
Bosnia and Herzegovina, Kuwait, and Italy [14, 17, 18]. Despite 
the limited intrapopulation variability TPOX and D5S818 appear 
to display significant differences between population groups 
due to a combination of factors, including genetic drift, natu-
ral selection, and migration patterns [1]. For the other mark-
ers the value of discriminatory power depends largely on the 
observed heterozygosity which has also been confirmed in 
other papers [17, 18]. 

CONCLUSIONS 

This study provides the first comprehensive allele frequency 
database for 23 autosomal STR loci analyzed with the Power-
Plex® Fusion 6C kit in the Polish population. The presented 
data confirm that the analyzed loci exhibit high polymorphism 
and meet Hardy–Weinberg equilibrium criteria, supporting 
their reliability for forensic applications. The combined power 
of discrimination (0.99999999999999999999) and exclusion 
(0.9999999999) indicate a strong capacity of this marker set 

to individualize genetic profiles and resolve complex kinship 
cases. The developed reference database constitutes an import-
ant tool for forensic laboratories and serves as a foundation 
for further population-genetic research on genetic diversity 
and structure within Central Europe. 
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