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Abstract The nine European minimal haplotype (EMH)
loci, the two SWGDAM loci and five further single-copy
Y-chromosomal short tandem repeats (Y-STRs) DYS446,
DYS447, DYS448, DYS449, DYS463, and the multicopy
loci DYS464 were evaluated in the German population
groups Dresden, Hamburg, Rostock, Munich, and the
Sorbs who are a Slavic-speaking minority in Lusatia.
Highest gene diversities in all populations were shown for
DYS464, DYS385, and DYS449 (D=0.8559–0.9486). The
haplotype diversity for the European minimal haplotype
loci ranged between 0.9852 for Sorbs and 0.9983 for the
Hamburg population showing that there is a significant
portion of haplotypes which could not be resolved.
Advanced typing using DYS446, DYS447, DYS448,
DYS449, DYS463, and DYS464 discriminated all non-
related individuals of the Dresden, Hamburg, and Rostock
populations. Evaluation of the Y-STRs was accomplished
by sequence analysis of all allelic fragments of the allelic
ladders and microvariant alleles of DYS385 and the
determination of the amounts of stutter products of the loci.
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Introduction

The analysis of Y-chromosomal short tandem repeats
(STRs) is a powerful tool for analyzing mixed forensic
stains and for paternity testing. In 1997, an evaluation of Y-
chromosomal STRs was performed in a multicenter study
[1]. It was shown that the analysis of a core set of Y-STRs
can discriminate between most of the male individuals in a
population. The analysis of this core set, the European
minimal haplotype (EMH) standard, consisting of DYS19,
DYS385, DYS389-I and -II, DYS390, DYS391, DYS392,
and DYS393, was recommended for court use [2]. The
haplotype diversity using the European minimal haplotype
loci reaches between <0.95 for Albania or Finland and 1.00
for Vienna [3]. Hence, there are significant portions of
haplotypes in several populations which cannot be
resolved. Therefore, the European minimal haplotype
loci, the SWGDAM loci, and a set of further Y-chromo-
somal STR loci including the multicopy marker DYS464
selected from the publication of Redd et al. [4] were
evaluated in five German population groups.

Materials and methods

DNA samples

Blood samples and buccal swab samples from 235 healthy,
unrelated male German volunteers from Dresden (n=89),
Rostock (n=38), Hamburg (n=49), Munich (n=30), and
Sorbs (n=29) were collected with written informed
consent. DNA from the Dresden inhabitants and Sorbs
was extracted from buccal swabs by NucleoSpin Tissue kit
(Macherey-Nagel, Düren, Germany). DNA from the
Hamburg inhabitants was extracted from EDTA blood
with proteinase K digest, NaCl desalting, and final ethanol
precipitation. DNA from Munich inhabitants was extracted
from buccal swabs with the chelex protocol. The DNA
from Rostock inhabitants was extracted from blood
samples and buccal swabs with DNA IQ system (Promega
GmbH, Mannheim, Germany) and NucleoMag 96 Blood
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kit (Macherey-Nagel). Cell line DNA samples NA9948
and NA3657 were purchased from Coriell Cell Reposi-
tories (Camden, NJ, USA).

PCR amplification

Three multiplex polymerase chain reaction (PCR) systems
were used to amplify the Y-STR loci. Mentype Argus Y-MH
PCR amplification kit (Biotype AG, Dresden, Germany)
was used to amplify the European minimal haplotype loci
DYS19, DYS385, DYS389-I and -II, DYS390, DYS391,
DYS392, and DYS393. A second experimental screening
multiplex system (RAR), which is not yet commercially
available, was used to amplify the STR loci DYS446,
DYS447, DYS448, DYS449, DYS463, DYS464, and
DYS385 for confirmation of both test systems. For
DYS447 (6-FAM), DYS449 (HEX), DYS463 (HEX), and
DYS464 (6-FAM), the published primer sequences [4] were
chosen. However, new primers were designed for DYS385,
DYS446, and DYS448 to optimize PCR and integrate the
STR loci in the RAR multiplex as follows:

DYS385:
5′-(6-FAM)-GAG CTA GAC ACC ATG CCA AAC
AAC-3′,
5′- GGG CTG CTG ACC AGATTT CTT T-3′

DYS446:
5′-(HEX)-TAT TTT CAG TCT TGT CCT GTC-3′,
5′-CTG TCT GAA GAG AGG AGA AGA GAA-3′

DYS448:
5′-(HEX)-TGT CAA AGA GCT TCA ATG GAG A-3′,
5′-TCT TCC TTA ACG TGA ATT TCC TC-3′

The third multiplex was used to amplify the SWGDAM
loci DYS438 and DYS439 in one reaction. Primer
sequences for DYS439 (6-FAM) were as published [5]
and for DYS438 as follows:

DYS438:
5′-(6-FAM)-TGG GGAATAGTT GAA CGG TAA-3′,
5′-GGA GGT TGT GGT GAG TCG AG-3′

PCR amplification for the three multiplexes was
performed according to the manual of Mentype Argus Y-
MH PCR amplification kit. The PCR products were
analyzed by capillary electrophoresis using an ABI
PRISM 310 Genetic Analyzer (Applied Biosystems, Foster
City, CA, USA) according to the manual of Mentype Argus
Y-MH PCR amplification kit. The alleles were typed
automatically using the Genotyper software (Applied
Biosystems) and the appropriate allelic ladders.

Sequence analysis and allelic ladders

All allelic fragments of the allelic ladders and microvar-
iants of DYS385 were sequenced. For this purpose, the
fragments were amplified with non-labeled primers as
described. Amplicons were cloned using the TOPO TA
Cloning kit (Invitrogen, Karlsruhe, Germany). Sequencing

of the DNA inserts was performed using the Big Dye
Terminator Cycle Sequencing kit (Applied Biosystems).
The allele nomenclature follows the guidelines of the DNA
Commission of the International Society for Forensic
Genetics [6–8]. The alleles of the multicopy marker
DYS464 were called using the conservative typing method
as published [9, 10].

The allelic ladder of the European minimal haplotype
loci is provided in the Mentype Argus Y-MH PCR
amplification kit. An allelic ladder for the screening
multiplex RAR was created using the most frequent alleles
amplified with non-labeled primers and cloned as de-
scribed. For the allelic ladder, plasmids were isolated,
alleles were amplified with labeled primers, and PCR
products of DYS446 (alleles 8, 10–13, 15), DYS447
(alleles 22–24, 26), DYS448 (alleles 19–22), DYS449
(alleles 28–33), DYS463 (alleles 18, 21–22), DYS464 (al-
leles 12, 15–17), and DYS385 (alleles 9–21) were mixed.
The typing of DYS438 and DYS439 was performed using
reference DNAs NA9948 and NA3657.

Statistical analysis

Allele frequency (pi) was estimated by gene counting. The
observed gene diversity (D) was calculated using the
formula D=(n/n−1)· 1�P

p2i
� �

. The haplotype diversity
(H) was based on the formula H=(n/n−1)· 1�P

f 2i
� �

,
where fi is the frequency of a haplotype [11]. The amounts
of stutter artefacts were calculated for peaks with a height
of between 1,000 and 4,500 relative flourescent units
(RFU); peak areas were used for quantitative stutter
calculation.

Results and discussion

Fourteen single-copy and two multicopy Y-chromosomal
STRs were evaluated in five German populations from
Dresden, Hamburg, Rostock, Munich, and the ethnic group
Sorbs who are a Slavic-speaking minority in East Germany
(Lusatia). Allele frequencies, gene diversities, haplotype
distributions, and haplotype diversities for each population
group are listed in supplementary Tables 1, 2, 3, and 4.
Some of the Y-STRs like DYS389-II revealed similar gene
diversities in all populations. Different diversities were
shown for DYS464, especially for the Sorbs (D=0.7931),
in comparison to the four other populations (D=0.9423–
0.9715). Especially low gene diversities, in comparison to
the other populations, were calculated for DYS19 and the
Hamburg population or DYS448, DYS392, and DYS393
for the Sorbs. In addition, cumulative values were
calculated for allele frequencies and gene diversities. The
loci with the highest cumulative gene diversity and,
therefore, with the highest ranking position were
DYS464 (D=0.9486), DYS385 (D=0.8675), and DYS449
(D=0.8559). According to our data, the European minimal
haplotype loci DYS391, DYS392, and DYS393 were

25



displaced to the end of the ranking list (supplementary
Table 3).

Considering the European minimal haplotype standard
alone, haplotype diversities between 0.9852 for the Sorbs
in Lusatia and 0.9983 for the Hamburg population were
calculated. Using the EMH loci together with the
SWGDAM loci, the haplotype diversity was increased
only slightly. In the Rostock population, complete
individualization was reached by typing EMH loci plus
SWGDAM loci. The use of the EMH loci together with the
RAR markers DYS446, DYS447, DYS448, DYS449,
DYS463, and DYS464 increased the haplotype diversities
for the populations of Dresden, Hamburg, and Rostock to
1.0000. Diversities of Munich and Sorbs were increased to
0.9977 and 0.9901, respectively. However, no complete
discrimination of all non-related male individuals was
possible in these two populations even with the typing of
all 20 Y-STR loci. These findings indicate that the Munich
population and especially the ethnic group Sorbs are
separate populations [23].

In our study, it became obvious that 100% individualiza-
tion of the DNA samples of the Dresden, Hamburg, and
Rostock populations was reached by the use of nine EHM
loci plus five highly discriminating single-copy marker and
DYS464 as a multicopy marker. De Souza Goés et al. [12]
individualized 100% of the samples in a Brazil population
using 18 Y-STR including the EMH, too. In the study of
Berger et al. [13], a haplotype diversity of 0.9994 was
achieved in an Austrian population by the use of EMH loci
plus eight additional loci. Comparing our data with these
two studies indicates that minimum haplotype diversity for
EMH loci of at least 0.9958 was needed to completely
discriminate all DNA samples with further seven to nine Y-
STR loci. In the case of lower haplotype diversities for the
EHM panel, even a higher number of Y-STR loci or more
diverse Y-STR loci, as published by Kayser et al. [14],
would be needed to completely resolve all haplotypes in
separated populations like Munich, Sorbs, or Austria.

For the use of Y-STRs in forensic practice, it is important
to know about the amount of stutter products which are
PCR artefacts due to strand slippage [15, 16]. The level of
stutter products was calculated from peak area (peak
heights 1,000–4,500 RFU) amplified with JumpStart Taq
DNA polymerase (Sigma, Taufkirchen). The minimum,
maximum, and median values of stutter artefacts are listed
in supplementary Table 5. Most Y-STR loci revealed small
median stutter products between 3.08 and 7.80%. Two Y-
STR loci had median stutter products which were higher
than 10%: DYS389-II with 11.88% and DYS449 with
15.89%, respectively. High amounts of stutter products for
DYS389-II have also been published by Daniels et al. [17].
The smallest stutter artefacts were analyzed for DYS447
and DYS448 which have pentanucleotide and hexanucleo-
tide repeats. The highest single stutter artefacts were
detected for the pentanucleotide repeat DYS446 (29.52%),
but the median of stutter peaks for this locus is low
(6.42%).

The control DNA XY1 and all fragments used in the
allelic ladders of Mentype Argus Y-MH and the experi-
mental screening multiplex RAR were completely se-
quenced (supplementary Table 6). For the reference DNAs
NA9948 and NA3657, alleles for all loci are listed in
supplementary Table 6. Most sequences are in concordance
to the published ones [1, 4] and the NIST standard
reference material 2395 (SRM 2395; http://www.cstl.nist.
gov/biotech/strbase/srm2395.htm). We found small differ-
ences (allelic variants) for DYS389-I, DYS389-II, and
DYS390 as compared to published data. The repeat motifs
[TCTG]4 [TCTA]8 and [TCTG]5 [TCTA]11 [TCTG]4
[TCTA]8 were found for DYS389-I allele 12 and
DYS389-II allele 28, but only [TCTG]3 and not [TCTG]4
in the repeat motif are known from the literature [18].
DYS390 had the repeat motif [TCTG]7 [TCTA]12 [TCTG]1
[TCTA]4 for allele 24 in our samples, but only [TCTG]8
motifs were known for SRM 2395.

For the locus DYS448, the allele nomenclature was in
accordance with the published ones [4, 8, 19]. This means
that in the repeat motif [AGAGAT]n N10 [AGAGAT]3 N14

[AGAGAT]n, the [AGAGAT]3 motif was not counted.
Two amplicons of different lengths were generated for

DYS446 with the primers used. According to Schoske
[20], the shorter fragment represents a DYS446 homolo-
gous sequence on the X chromosome. The X-chromosomal
sequence from GenBank accession number AL33512 is 42
nucleotides shorter than the respective Y-chromosomal
sequence from GenBank accession number AC006152. In
our experiments, two fragments were found for the male
DNA samples: one from the X-chromosome and the other
from the Y-chromosome. The difference of the two
fragments was one to ten repeats. Following the rule of
Schoske [20], only the longer fragments were Y-chromo-
somal fragments and, therefore, they were used for allele
calling.

Allelic microvariants were typed for DYS385 and
sequenced, and allele sequences were submitted to Gen-
Bank (supplementary Table 7; accession numbers
BV679981-BV679987). At the locus DYS385, typical
intermediate alleles like 10.1 with an A insert or 15.2 and
16.2 with a GA insert in the repeat region were analyzed
which is in accordance with Füredi et al. [21] and Bhoopat
et al. [22]. Allele 13.2 contains 14 repeats and a 2 bp
deletion in the 3′ repeat flanking region which was shown
for two individual DNA samples. Alleles 15.3, 16.3, and
17.3 represent the alleles 16, 17, and 18, respectively, with
a T deletion in the 3′ repeat flanking region which was
also published by Füredi et al. [21]. Furthermore, we found
complete sequence concordance for all other fragments
tested so far.

The data of the European minimal haplotype loci are
available at the YHRD database. All haplotype data are
available at the Biotype homepage (http://www.biotype.de)
or via e-mail on request.
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