
Forensic analysis has been a very powerful tech-
nique for discrimination among individuals since the 
1980s. It serves social incidents such as uncovering 
the crime and the criminal, investigating the crime 
tools, inheritance-paternity cases, and kinship relations. 

It also determines whether the suspect and DNA sam-
ples from the scene come from the same sources. For 
these purposes, it is possible to analyze a variety of the 
samples (such as blood, semen, saliva, hair, and stain) 
taken from the crime scene or individuals.1,2 
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ABS TRACT Objective: Short tandem repeats (STRs) have been widely used 
in human identification in forensics. Evaluation and design of new markers are 
useful tools to obtain additional information and complete conventional anal-
ysis. Also, it will be an alternative way to confirm the results in the problem-
atic cases (complex kinship, degraded samples, etc.). Increasing the number 
of loci will result in reducing the risk of adventitious matches in countries that 
have a national DNA database. In this study, we investigated allele frequen-
cies of the 10 non-Combined DNA Index System STR loci (D7S1517, 
D3S1744, D12S391, D2S1360, D6S474, D4S2366, D8S1132, D5S2500, 
D21S2055, D10S2325) by using Investigator® HDplex kit. Material and 
Methods: DNAs were extracted from 100 blood samples by using the QIAmp 
DNA Mini Kit (Qiagen). STR loci were amplified according to Investigator® 
HDplex kit. Polymerase chain reaction products were separated with ABI 3130 
Genetic Analyzer and analyzed with GeneMapper IDX software. Forensic and 
population parameters were estimated with the Promega PowerStats Excel 
sheet. Allele frequencies, p-values for Hardy-Weinberg equilibrium, and pop-
ulation differentiation based on the loci (Fst) were calculated with Arlequin 
ver.3.5. Results: We observed that all STR loci showed high power of dis-
crimination. For population comparison, we found statistically significant dif-
ferences between Türkiye and African, East Asian, and American populations 
at a couple of STR loci. Besides, there was no statistically significant varia-
tion between Turkish and European populations as expected. Conclusion: This 
study provides Turkish population data for forensic laboratories and this kit 
can be used to support the existing STR loci. 
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ÖZET Amaç: Otozomal kısa ardışık tekrar [short tandem repeat (STR)] lokus-
ları, adli vakalarda kişi identifikasyonunda yaygın olarak kullanılmaktadır. Yeni 
belirteçlerin araştırılması ve dizayn edilmesi geleneksel analizleri tamamlayıcı 
olduğu gibi kardeşlik ve akrabalık ilişkilerinin söz konusu olduğu kompleks va-
kalarda ya da zorlukların yaşanabildiği bazı durumlarda (degrade örnekler vs.) 
sonuçların alternatif yollarla teyit edilmesini mümkün kılmaktadır. Araştırılan 
lokus sayısının artırılması veritabanı uygulaması olan ülkelerde yanlış eşleşme 
riskini de azaltmaktadır. Bu çalışmada, “Combined DNA Index System”de yer 
almayan, yaygın olarak kullanılan STR lokuslarından farklı, 10 yeni STR loku-
sunun (D7S1517, D3S1744, D12S391, D2S1360, D6S474, D4S2366, D8S1132, 
D5S2500, D21S2055, D10S2325) Türkiye’deki gen sıklığı Investigator® HDplex 
kiti kullanılarak incelendi. Gereç ve Yöntemler: DNA analizi için 100 g.nüllü-
den kan örneği alındı ve DNA izolasyonu QIAmp DNA Mini Kit (Qiagen) pro-
tokolüne uygun olarak gerçekleştirildi. STR lokusları Investigator® HDplex Kit 
protokolüne uygun olarak çoğaltıldı. Polimeraz zincir reaksiyonu ürünleri ABI 
3130 Genetik Analizörde yürütüldü ve GeneMapper IDX ile analiz edildi. Po-
pülasyon ve adli istatistik parametreleri Promega Power-Stats Excel kullanılarak 
hesaplandı. Alel frekansları, Hardy-Weinberg dengesi ve popülasyonlar arası 
lokus bazındaki farklılıklar (Fst) Arlequin v.3.5 programı kullanılarak hesap-
landı. Bulgular: Tüm STR lokuslarının yüksek ayrım gücüne sahip olduğu göz-
lendi. Türkiye ile Afrika, Doğu Asya ve Amerika popülasyonları arasında bir 
kaç lokusta istatistiksel olarak anlamlı farklılıklar bulunurken; Avrupa popülas-
yonu ile istatistiksel olarak anlamlı bir farklılık gözlenmedi. Sonuç: Bu çalışma 
adli laboratuvarlar için Türk popülasyonu verileri sağlamaktadır ve çalışma bul-
gularına göre söz konusu kitin adli laboratuvarlarda mevcut STR lokuslarını des-
teklemek amacıyla güvenilirlikle kullanılabileceği gösterilmiştir. 
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After Jeffreys discovered the polymorphism 
called “minisatellite” in the DNA molecule; more re-
liable, high discriminative, and sensitive DNA sys-
tems have been started to be used in forensic science.3 
Following the discovery of the polymorphic feature 
of DNA, Variable Number of Tandem Repeats 
(VNTRs), which showed much greater variability 
among people started to be used primarily in forensic 
studies. Over time, VNTRs have been replaced by 
short tandem repeats (STRs) and after the production 
of the first STR kit in 1994, 13 STR loci were defined 
in 1997.4 Although new genetic markers [e.g. single-
nucleotide polymorphisms (SNPs), insertion and 
deletion variants (InDels)] have been discovered with 
current technological progress, human identity test-
ing is routinely made by using STR systems.5 

Autosomal STR loci are applied successfully in 
many areas such as; identification, missing people, 
forensic cases, mass disasters, DNA database appli-
cations, and a wide variety of routine laboratory stud-
ies. STRs are accepted as ideal genetic markers as 
they can be easily amplified by multiplex polymerase 
chain reaction (PCR), high polymorphism features, 
short analysis time, presence of the standardized 
commercial kits, automated and error-minimized sys-
tems, allowing multiple analysis at the same time and 
DNA profiles can be obtained from a small amount 
and degraded samples.1 STR loci are various in the 
genome and there are many high numbers of possible 
loci for DNA analysis. Evaluations and design of new 
STR markers are useful tools to obtain additional in-
formation and to complete conventional analysis.6 
Besides this, increasing the number of investigated 
STR markers also enhances the reliability of the study 
especially in the cases of fraternity and kinship rela-
tions.7 Although there are lots of commercially avail-
able kits commonly used in forensic fields, increasing 
the number of data loci will result in reducing the risk 
of adventitious matches in the countries that have na-
tional DNA databases.8 For these reasons, researchers 
continue their scientific studies in the new STR loci, 
and database applications are being studied. Investi-
gator® HDplex Kit (Qiagen, Germany) was released 
by Qiagen in 2010 to aim to increase the power of 
discrimination (PD) for paternity tests and also spe-
cific forensic cases. The kit includes 10 new non-

Combined DNA Index System (CODIS) STR loci 
(D7S1517, D3S1744, D12S391, D2S1360, D6S474, 
D4S2366, D8S1132, D5S2500, D21S2055, 
D10S2325), sex marker amelogenin and other com-
mon STR loci (D18S51 and SE33). Population stud-
ies on this set of markers have already been 
performed in different populations. However, no data 
has been reported for the Turkish population so far. 
This experimental study aims to investigate ten new 
non-CODIS STR loci and determine forensic data for 
the population of Türkiye and population compari-
son with data available for other populations.  

 MATERIAL AND METHODS 
The DNA samples were collected from 100 unrelated 
healthy individuals from İstanbul, Türkiye. Written 
informed consent was obtained from all volunteers 
for use of the sample in research. Statement of com-
pliance with standards of research involving humans 
as subjects. All procedures performed in studies in-
volving human participants were in accordance with 
the ethical standards of the institutional and/or na-
tional research committee and with the 1964 Helsinki 
Declaration and its later amendments or comparable 
ethical standards. The study was also approved by the 
ethics committee dated 24.11.211 and numbered 
40222 at the İstanbul University, Cerrahpaşa faculty 
of Medicine.  

Genomic DNAs were isolated from whole blood 
by using Mini QIAamp® (Qiagen, Germany) and 
quantitative analysis of the samples was performed 
fluorometrically using the Quant-iTTM dsDNA HS 
Assay kit (Invitrogen, Thermo Fisher Scientific, 
USA) according to the manufacturer’s protocol. DNA 
extracts were diluted to approximately 0.5 ng/µL for 
the required optimal amount of DNA. The amplifi-
cations of the DNA samples were performed in a 25 
µL volume of the multiplex PCR reaction using the 
Investigator HD-plex kit (Qiagen) according to the 
manufacturer’s instructions. Ten STR loci (D7S1517, 
D3S1744, D12S391, D2S1360, D6S474, D4S2366, 
D8S1132, D5S2500, D21S2055, D10S2325) and also 
amelogenin were amplified simultaneously in one 
PCR reaction. PCR products were detected by capil-
lary electrophoresis and fluorescent detection in ABI 
PRISM® 3130 Genetic Analyzer (Thermo Fisher Sci-
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entific, USA). Positive, negative controls, and allelic 
ladder were run to ensure reliable allelic assignment. 
Allele allocation was carried out with GeneMapper 
ID-X v.1 software (Thermo Fisher Scientific, USA) 
by reference to DNA Size Standard 550 (BTO) (Qi-
agen). Forensic statistical parameters including poly-
morphism information content (PIC), matching 
probability (PM), PD, power of exclusion (PE), and 
typical paternity index was performed by using Pow-
erStats Excelsheet v.1.2 (Promega, USA). Allele fre-
quencies, observed and expected heterozygosities (Ho 
and He), p-values for Hardy-Weinberg equilibrium 
(HWE), population differentiation based on the loci, 
and Fst were calculated with Arlequin ver. 3.5.  

 RESULTS  
In this study, we analyzed ten new non-CODIS STR 
loci by using the Investigator® HDplex Kit (Qiagen) 
from 100 unrelated healthy individuals from İstanbul, 
Türkiye. Allele frequencies and HWE were calculated 
in the Arlequin v.3.5.1.2 (http://cmpg.unibe.ch/soft-
ware/arlequin35/, Switzerland) by using the obtained 
DNA data. As indicated in the Table 1, the highest and 
the lowest allele frequencies were obtained in the loci 
D3S1744 (allele 17) and D12S391 (allele 15), re-
spectively. The most common alleles were 25 for 
D7S1517 (0.210), 17 for D3S1744 (0.320), 18 for 
D12S391 (0.195), 22 for D2S1360 (0.295), 16 for 
D6S474 (0.280), 9 for D4S2366 (0.300), 18 for 
D8S1132 (0.215), 11 for D5S2500 (0.270), 19.1 for 
D21S2055 (0.25), 12 for D10S2325 (0.190). 

Bonferroni correction (p=0.05/10) was applied 
to the obtained p-values after HWE test and the 
level of significance was taken as p>0.005. Statisti-
cal deviation from HWE was observed for 6 loci 
(D7S1517, D12S391, D4S2366, D8S1132, 
D10S2325, D21S2055, D12S391) after Bonferroni 
correction (Table 1).  

Forensic statistical parameters were determined 
for the data from allele frequencies by using Power-
Stats v.1.2 (Promega, USA) (Table 1). The entire set 
of markers showed locus-specific PD values greater 
than 0.918 (D6S474) with the highest value for 
D21S2055 (0.968) while PE ranged from 0.328 
(D6S474) to 0.581 (D2S1360). On the other hand, the 

most distinguishing loci in terms of the PE were 
D2S1360 (PE: 0.581) and D5S2500 (PE: 0.545). 
D6S474 (PE: 0.328), D8S1132 (PE: 0.369), and 
D4S2366 (PE: 0.383) were observed as less distin-
guishing loci in terms of the PE (Table 1). 

Locus-based differences between populations 
were determined by using allele frequency data from 
European, African, East Asian and American popula-
tion and also the data obtained as a result of this study 
(Table 2 and Table 3). Table 3 represents the locus-
based differences (Fst) between populations. Fst p-val-
ues below 0.005 were evaluated as significant after 
Bonferroni correction. Fst values indicate that no vari-
ation was observed between Türkiye and the Euro-
pean population (Table 3). On the other hand, 
statistically significant differences were found between 
Turkish and African populations at 3 loci (D4S2366, 
D10S2325, and D21S391), East Asian population at 4 
loci (D2S1360, D4S2366, D6S474, and D21S2055), 
and American population at 4 loci (D2S1360, 
D4S2366, D7S1517, and D21S2055) (Table 3). 

 DISCUSSION 
Many different issues such as detecting the crime and 
the criminal, investigating crime tools and identifying 
the criminal, determining whether the DNA samples 
obtained from the suspect and the crime scene are of 
the same origin, inheritance-paternity cases, detec-
tion of missing persons and kinship relations are clar-
ified by forensic sciences and developing DNA 
technologies.1 

Although new genetic markers have been identi-
fied with current technological advances, STR systems 
that are cheaper, easier to apply, standardized and 
proven reliable are preferred for routine identification 
studies.4 In recent years, researches have been carried 
out to identify new STR loci that are not included in 
CODIS all over the world.9 In 2017, the FBI an-
nounced that it had increased the number of 13 loci in 
CODIS to 20. The newly added loci are mostly com-
posed of mini-STR loci that allow easy typing of de-
graded or trace DNA samples from the crime scene.10 
STR loci on both the Y chromosome and the X chro-
mosome are used to elucidate some complex cases. 
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Allele D7S1517 D3S1744 D12S391 D2S1360 D6S474 D4S2366 D8S1132 D5S2500 D21S2055 D10S2325 
7 0.130 
8 0.000 0.055 
9 0.300 0.080 
10 0.145 0.075 0.135 
11 0.085 0.270 0.160 
12 0.000 0.175 0.165 0.190 
13 0.005 0.255 0.165 0.060 0.135 
14 0.009 0.230 0.120 0.050 0.070 
15 0.075 0.003 0.130 0.010 0.245 0.040 
16 0.005 0.145 0.015 0.280 0.015 0.105 0.005 
16.1 0.070  
17 0.005 0.320 0.115 0.090 0.080 0.025  
17.1 0.020  
18 0.045 0.185 0.195 0.015 0.215 0.005  
18.1 0.010  
19 0.130 0.115 0.140 0.010 0.155  
19.1 0.250  
20 0.105 0.045 0.130 0.110 0.13  
20.1 0.055  
21 0.105 0.020 0.125 0.075 0.125  
21.1 0.015  
22 0.105 0.105 0.295 0.13  
22.1 0.005  
23 0.120 0.095 0.155 0.095 0.005  
24 0.130 0.040 0.095 0.045  
25 0.210 0.010 0.085 0.005 0.110  
26 0.025 0.090 0.005 0.115  
27 0.010 0.040 0.020  
28 0.005 0.035 0.010  
29 0.010 0.035  
30 0.030  
31 0.030  
32 0.020  
33 0.065  
34 0.080  
35 0.050  
36 0.005  
PM 0.041 0.061 0.036 0.048 0.082 0.075 0.041 0.064 0.032 0.045 
PD 0.959 0.939 0.964 0.952 0.918 0.925 0.959 0.936 0.968 0.955 
PIC 0.860 0.790 0.860 0.830 0.740 0.780 0.850 0.790 0.880 0.850 
PE 0.428 0.476 0.460 0.581 0.328 0.3833 0.69 0.545 0.428 0.493 
TPI 1.670 1.850 1.790 2.380 1.350 1.520 1.470 2.170 1.670 1.920 
No.of alleles 13 9 11 11 6 7 11 9 20 10 
Ho 0.700 0.730 0.720 0.790 0.630 0.670 0.660 0.770 0.700 0.740 
He 0.87618 0.81704 0.87814 0.84809 0.78236 0.81347 0.86693 0.82055 0.89085 0.87337 
p value 0.00000 0.16202 0.00255 0.03432 0.07197 0.00032 0.00016 0.00617 0.00000 0.0001

TABLE 1:  Allele frequencies and statistical parameters of 10 STR loci in the Turkish population.

STR: Short tandem repeat; PM: Matching probability; PD: Power of discrimination; PIC: Polymorphism information content; PE: Power of exclusion; TPI: Typical paternity index;  
Ho: Observed heterozygosity; He: Expected heterozygosity.
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Besides the current CODIS loci, the determina-
tion of new STR markers will provide supplementary 
extra information for conventional STR analyses and 
the reliability of the study will also increase especially 
in difficult cases where kinship relationship is con-
cerned.11 In some special cases such as paternity cases 
involving 2 siblings, additional autosomal STR loci 
need to be studied besides the conventional STR loci to 
increase the possibilities of inclusion/exclusion. The 
Investigator Hdplex kit developed for this purpose in-
cludes at least 9 non-CODIS STR loci unlike other 
commercial STR kits.12-20 This means that these ad-
ditional markers can be worked to increase the 
probability in cases of close kinship or father-child 
mismatch. 

Before using a polymorphic marker in case res-
olution routinely, gene frequencies in the relevant 
population should be determined and an appropriate 
database should be used. For this purpose, 10 non-
CODIS STR loci were typed for 100 people from İs-
tanbul by using the Investigator Hdplex kit in this 
study. Obtained genotype data, expected and ob-
served heterozygosity values and p-values were cal-
culated by using Arlequin v.3.5.1.2. Level of 
significance was taken as p>0.005 according to Bon-
ferroni correction (Table 1).21 Deviation from HWE 
was observed for 6 loci. The reason for this can be 
explained by the low number of individuals included, 
the high number of alleles of loci, high migration or 
mutation rates, or the inability of the sampling to be 
representative of the entire population.22  

Compare with the global population (Europe, 
Africa, Asia and America) data, the gene frequencies 
of Türkiye were generally similar to the European 
population, but showed small and moderate differ-
ences with other populations. Similar results were ob-
tained in the Turkish population in which STR, SNP 

and InDel markers were studied by various re-
searchers before.23-25 

The Investigator HDplex Kit (Qiagen, Germany) 
has been studied in many populations to expand STR 
data.8,26-29 However, no study has been conducted 
with the kit in question for the Turkish population so 
far.  

In order to understand which locus is more use-
ful in case resolution, the forensic statistical parame-
ters of each locus should be known. High PIC, het 
and PD values indicate the superiority of investigated 
locus in terms of forensic genetics. Allele frequen-
cies and statistical parameters of the genotypes ob-
tained for the investigated 10 loci were calculated 
using PowerStats v.1.2 (Promega, USA) in this study. 
PowerStats v.1.2. has been preferred because of its 
advantages such as ease of data entry, summarization 
of the data and the ability to obtain the results graph-
ically.30 When all PIC, PD and heterozygosity values 
were compared with the global population data; we 
observed that PIC and PD values were similar for all 
loci but heterozygosity was slightly lower for all 
loci.8,31 Observed heterozygosity of the 10 STR loci 
varies from 0.630 to 0.79. When forensic statistical 
parameters were evaluated for each locus, there was 
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                                Türkiye-Europe                                Türkiye-Africa                                  Türkiye-East Asia                                 Türkiye-USA 

Locus Fst p value Fst p value Fst p value Fst p value 

D2S1360 -0.00732 0.99099+-0.0030     0.01070 0.05405+-0.0201 0.11082 0.00000+-0.0000 0.04373 0.00901+-0.0091  

D3S1744 -0.00717 0.99099+-0.0030     -0.00313 0.73874+-0.0446 -0.00585 0.98198+-0.0096 0.00459 0.22523+-0.0546  

D4S2366 -0.00786  0.99099+-0.0030     0.08542 0.00000+-0.0000 0.04687  0.00000+-0.0000 0.03910  0.00000+-0.0000  

D5S2500 -0.00754 0.99099+-0.0030     0.00022 0.40541+-0.0563 -0.00114 0.48649+-0.0667 0.00364 0.18018+-0.0332  

D6S474 -0.00811 0.99099+-0.0030     -0.00745 0.97297+-0.0125 0.02776 0.00000+-0.0000 0.01501 0.08108+-0.0212  

D7S1517 -0.00695 0.99099+-0.0030     -0.00423 0.78378+-0.0490 -0.00098 0.51351+-0.0731 0.06650 0.00000+-0.0000  

D8S1132 -0.00654 0.98198+-0.0096     0.00963 0.02703+-0.0194 -0.00279 0.77477+-0.0474 -0.00252 0.62162+-0.0345  

D10S2325 -0.00596 0.94595+-0.0205     0.01686 0.00901+-0.0091 -0.00169 0.63063+-0.0407 0.00043 0.40541+-0.0493  

D12S391 -0.00604 0.96396+-0.0142     0.00774 0.09009+-0.0192 0.00782 0.06306+-0.0194 -0.00465  0.64865+-0.0618  

D21S2055 -0.00703 0.99099+-0.0030     0.05557 0.00000+-0.0000 0.03018 0.00000+-0.0000 0.11010 0.00000+-0.0000 

TABLE 3:  Locus-based differences between populations.
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equilibrium between them and because the PD val-
ues for all investigated loci were between 0.918 and 
0.968, those loci have required exclusion power and 
can be safely used to establish a DNA-based database 
for the Turkish population.  

This study shows that there is a high level of 
polymorphism of these ten non-CODIS STR loci, al-
lele frequency distributions, and statistical parame-
ters are similar with the European populations as 
expected.7,8,32 Therefore, the investigated kit can be 
reliably used to support the existing STR loci in 
forensic laboratories.   

 CONCLUSION 
The findings of this study indicate that Investigator 
HDplex shows a high level of discrimination power 
for forensic genetics applications such as personal 
identification, paternity, and kinship testing. The In-
vestigator HDplex kit has additional loci different 
from the other commercial kits, it represents excel-
lent support for databases i difficult cases. Applying 
new these non-CODIS STRs will provide better dis-
crimination power addition to the core CODIS STR 
markers. Although current STRs provide enough 
power for databases, new additional STR markers are 

very informative for complex kinship analysis. 
Hence, this study is the first database compiled for 
this non-CODIS STR loci in the Turkish population 
and the Investigator HD-plex kit can be used in Turk-
ish forensic laboratories. 
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