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A B S T R A C T

The genotypes of 36 Y-chromosomal short tandem repeat (Y-STR) marker units were analysed in a Dutch

population sample of 2085 males. Profiling results were compared for several partially overlapping kits,

i.e. PowerPlex Y, Yfiler, PowerPlex Y23, and two in-house designed multiplexes with rapidly mutating

Y-STRs. Nineteen Y-STR marker units, of which two are rapidly mutating, reside in at least two of these

multiplexes, and for these markers concordance testing was performed. Two samples showed discordant

genotyping results and the probable causative base change was revealed by Sanger sequencing. In

addition, we encountered concordant, but aberrant genotyping results including one allele with low

peak height and several null alleles. For 12 samples, this involved a null allele in two adjacent loci

suggesting a large and recurrent deletion as the samples represent three distinct haplogroups. For each

marker unit, the allele counts and frequencies are presented, as are the haplotype counts and haplotype

diversities for several combinations of markers.

� 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

The number of Y-chromosomal short tandem repeat (Y-STR)
markers for routine forensic and population genetic use has grown
considerably over the past few years. Initially, a minimal haplotype
set of nine Y-STR marker units was recommended for forensic use
[1], and expansion of the core set by two additional STRs was
recommended by SWGDAM [2]. The subsequently developed and
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commercially available multiplexes contain a growing number of
Y-STR marker units, such as 12 in the PowerPlex1 Y System (PPY,
Promega, released in 2003), 17 in the AmpFlSTR1 Yfiler1, (Yfiler,
Life Technologies, released in 2004), 23 in the PowerPlex Y23
System (PPY23, Promega, released in 2012) and 27 in the
AmpFlSTR1 Yfiler1 Plus Kit [3] (Life Technologies, to be released
in 2014).

Y-STRs can be of great value in stains with small quantities of
male DNA and overwhelming amounts of female DNA, for instance
in sexual assault cases. They can also be very useful in kinship
analyses, due to their strict paternal inheritance pattern. However,
as a result of the relatively low mutation rate for the commonly
used Y-STRs, it is difficult, if not impossible, to differentiate
between closely related males. The introduction of 13 rapidly
mutating (RM) Y-STRs with median mutation rates about 6.5 times
higher than the Yfiler STRs [4] assists cases where increased
discrimination power of Y-STRs is needed [4–6]. Consequently, in a
set of 2378 father–son pairs 26.9% could be differentiated using the
RM Y-STR set versus 4.5% with Yfiler [6].
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In this study, we analysed all 36 Y-STR marker units present in
PPY, Yfiler, PPY23 and the RM Y-STR set described in [4]. We use
the term ‘‘marker unit’’ for previously defined distinct Y-STR
markers, e.g. for DYS385 a separate ‘‘a’’ and ‘‘b’’ part are described
and these are counted as two marker units (resulting for instance
in 17 marker units for Yfiler in total), while DYF387S1 is counted as
one marker unit even though it can show up to three alleles
(resulting in 15 RM marker units in total). These 36 marker units
were tested in 2085 DNA samples from Dutch male blood donors.
For the 19 Y-STR marker units that are present in more than one
set, concordance testing was performed and discordant alleles
were subsequently analysed with Sanger sequencing. Allele counts
and frequencies are reported together with the haplotype counts
and haplotype diversities for several marker combinations. All
PowerPlex Y23 haplotypes have been submitted to the publicly
available Y Chromosome Haplotype Reference Database (YHRD)
[7,8].

2. Materials and methods

2.1. DNA samples

A total of 2085 male blood donors with self-defined Dutch
ancestry were sampled from 99 locations across the Netherlands,
while excluding major cities to avoid very recent admixture effects.
All volunteers had given their informed consent. A detailed
Table 1
Marker units present in five Y-STR multiplexes together with the number and percent

Marker PPY Yfiler PPY23 RMY1 RMY2 

DYF387S1 x 

DYF399S1 x 

DYF403S1a x 

DYF403S1b x 

DYF404S1 x 

DYS19 x x x 

DYS385a x x x 

DYS385b x x x 

DYS389I x x x 

DYS389II x x x 

DYS390 x x x 

DYS391 x x x 

DYS392 x x x 

DYS393 x x x 

DYS437 x x x 

DYS438 x x x 

DYS439 x x x 

DYS448 x x 

DYS449 x 

DYS456 x x 

DYS458 x x 

DYS481 x 

DYS518 x 

DYS526a x 

DYS526b x 

DYS533 x 

DYS547 x 

DYS549 x 

DYS570 x x 

DYS576 x x 

DYS612 x 

DYS626 x 

DYS627 x 

DYS635 x x 

DYS643 x 

Y-GATA-H4 x x 

Total 

a A second allele is present in one to six of the 2085 samples.
b Not applicable.
c Total % genotypes discordant = total n genotypes discordant/total n genotypes anal
description of the samples is given in [9], and the DNA extraction
and quantification are described in [10].

2.2. Marker units, DNA amplification, capillary electrophoresis (CE)

and DNA profile analysis

All 2085 DNA samples were amplified with five Y-STR multiplex
PCRs, targeting 36 marker units (present in 32 different Y-STRs of
which one has a ‘‘I’’ and ‘‘II’’ part (i.e. DYS389) and three have an ‘‘a’’
and ‘‘b’’ part (i.e. DYF403S1, DYS385 and DYS526). Three of these
multiplexes are commercially available: PPY and PPY23 from
Promega Corporation (Promega, Madison, WI, USA) and Yfiler from
Life Technologies (Life Tech, Foster City, CA, USA). All 12 PPY
marker units reside in Yfiler, and all 17 Yfiler marker units are
represented in PPY23 (Table 1). The other two multiplexes (RMY1
and RMY2) were redesigned in-house based on the three RM Y-STR
multiplexes published in [4,5]. They analyse 15 rapidly mutating
Y-STR marker units (that reside in 13 Y-STRs). RMY1 holds six and
RMY2 nine marker units, and RMY2 contains two marker units
overlapping with PPY23 (Table 1).

DNA amplification with the Yfiler, PPY, and PPY23 multiplexes
was performed according to the manufacturer’s protocols, but with
half of the reaction volume. PCR products were detected by CE on
an ABI Prism 3100 Genetic Analyzer (Life Tech), using a 36 cm
array, POP-4 and dye set G5 (for Yfiler and PPY23) or C (for PPY).
1 mL sample or allelic ladder was mixed with 11.6 mL ddH2O and
age discordant results.

n alleles/marker

unit (avg)

n genotypes

analysed

n genotypes

discordant

% Genotypes

discordant

1–3 (1.79) 2085 n.a.b n.a.

1–5 (2.80) 2085 n.a. n.a.

1–4 (2.84) 2085 n.a. n.a.

1a 2085 n.a. n.a.

1–3 (1.77) 2085 n.a. n.a.

1 6255 0 0

1 6255 0 0

1a 6255 0 0

1 6255 0 0

1 6255 0 0

1 6255 0 0

1 6255 0 0

1 6255 0 0

1 6255 0 0

1 6255 0 0

1 6255 0 0

1a 6255 0 0

1 4170 1 0.024

1a 2085 n.a. n.a.

1 4170 0 0

1 4170 0 0

1a 2085 n.a. n.a.

1a 2085 n.a. n.a.

1 2085 n.a. n.a.

1a 2085 n.a. n.a.

1a 2085 n.a. n.a.

1a 2085 n.a. n.a.

1 2085 n.a. n.a.

1a 4170 0 0

1a 4170 0 0

1a 2085 n.a. n.a.

1a 2085 n.a. n.a.

1a 2085 n.a. n.a.

1 4170 1 0.024

1 2085 n.a. n.a.

1 4170 0 0

139,695 2 0.002c

ysed for two or three kits (i.e. 104,250).
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0.4 mL GeneScanTM LIZ 600 Size Standard (Life Tech) for Yfiler, with
11.5 mL ddH2O and 0.5 mL ILS600 (Promega) for PPY, or with 11 mL
ddH2O and 1 mL CC5 ILS500 Y23 (Promega) for PPY23, and
analysed after 3 min of denaturation and 3 min on ice. CE injection
settings were 1 kV for 22 s for Yfiler and PPY, and 3 kV for 5 s for
PPY23. The Y-STR profiles were analysed using GeneMapper v. 3.0
(Life Tech) for PPY or GeneMarker v. 1.75 (Softgenetics, LLC., State
College, PA, USA) for Yfiler and PPY23 with a detection threshold of
30 rfu.

RMY1 and RMY2 PCRs were performed in a 10 mL reaction
volume using 1� QIAGEN Multiplex PCR Buffer (Qiagen, Venlo, the
Netherlands), primers as described in Supplementary Table S1 and
1.0 ng DNA. The PCR protocol starts with a pre-denaturation step
for 10 min at 94 8C, followed by a step-down PCR of 10 cycles at
94 8C for 30 s, 65 8C (1 8C/cycle) for 30 s and 72 8C for 1 min, and 23
cycles (for RMY1) or 25 cycles (for RMY2) of 94 8C for 30 s, 50 8C for
30 s and 72 8C for 1 min, with a final extension at 60 8C for 45 min.
PCR products were detected by CE on an ABI Prism 3130xl Genetic
Analyzer (Life Tech), using a 36 cm array, POP-7 and dye set G5.
1 mL sample was mixed with 8.7 mL Hi-DiTM Formamide (Life
Tech) and 0.3 mL GeneScanTM LIZ 600 Size Standard (Life Tech), and
analysed after 4 min of denaturation and 5 min on ice. CE injection
settings were 3 kV for 10 s. The RM Y-STR profiles were analysed
using GeneMapper1 ID-X v. 1.1.1 (Life Tech) with a detection
threshold of 50 rfu. For most markers a stutter filter of 20% was
applied, except for DYS518 and DYS526b (both 25%), DYS570 (30%)
and DYS612 (35%).

Supplementary Table S1 related to this article can be found, in
the online version, at doi:10.1016/j.fsigen.2014.10.012.

2.3. Sanger sequencing

Twenty-five microliters singleplex PCR reactions were per-
formed using PCR buffer I (Life Tech) with 1.5 mM MgCl2, 0.2 mM
dNTP mix (Life Tech), 2 units AmpliTaq Gold (Life Tech) and 2 pmol
of each HPLC-purified primer (Supplementary Table S1). The
amplification, purification, sequencing, detection and sequence
analysis was performed as described in [10].

2.4. Allele counts, allele frequencies, haplotypes and haplotype

diversities

Based on the Y-STR data, haplotypes were constructed and
compared using Excel (Microsoft, Redmond, WA, USA) for all 2085
donors. For each allele in each marker unit, the number of
occurrences was counted. Allele frequencies were calculated by
dividing the allele count for a specific allele through the total
number of counted alleles for that marker unit (which was not
always 2085, due to null alleles or additional alleles in multi copy
marker units). Haplotype diversities were calculated using
Arlequin v3.5.1.3 [11] and an adjusted version of an Excel
worksheet kindly provided by Ballantyne (personal communica-
tion) to be able to calculate numbers with more than four digits
after the decimal point (our version of the worksheet is available
on request). In case of multi copy marker units, the ‘‘empty cells’’
were filled with a dummy variable for donors that showed less
than the maximum number of alleles.

2.5. Haplogroups and familial relationships

For 12 donors, Y-SNP analysis was performed to determine their
haplogroup using the methods described in [12]. For another 22
persons, the autosomal STR data that were determined in [10] were
used to infer the most likely familial relationships with Bonaparte
[13] (http://www.bonaparte-dvi.com). To this end, fictive family
trees were produced in which one of the donors of a pair was fixed
(grey square in Fig. 1) and the other donor was tested for all the
other possible male relationships (eight white squares in Fig. 1).
Additional relationship testing was performed with a version of
RelPair [14,15] that was adjusted to enable the analysis of a dataset
containing 2085 individuals (details are available on request).

3. Results and discussion

3.1. Discordances and null alleles

DNA samples of 2085 male donors were analysed with five
Y-STR multiplexes: PPY, Yfiler, PPY23, RMY1 and RMY2 (both in-
house designed, based on the markers published in [4,5]). Of the 36
Y-marker units analysed by these multiplexes, 19 reside in two or
three systems (Table 1) and enable concordance testing. Two
discordances were found (Table 2): for one person DYS448 showed
an allele 19 for PPY23 and no allele with Yfiler, while for another
person Yfiler resulted in an allele call 23 for DYS635 with no result
for PPY23. Using Sanger sequencing, for both discordances single
base changes were disclosed: an A > G transition 49 nucleotides
prior to the DYS448 repeat motif, and a T > A transversion 7
nucleotides before the DYS635 repeat structure. As the primer
positions for these markers are not publicly available, we cannot
check whether these nucleotide changes are located at the primer
binding sites for the kits showing the null allele. Both Davis et al.
[16] and Larmuseau et al. [17] did not find any discordance in the
17 overlapping loci between Yfiler and PPY23 in their sample sets
of 951 American and 535 Belgian donors, respectively. This befits
the low percentage of 0.002% discordance that we observe in our
larger Dutch dataset (Table 1).

Beside the above-described two discordances, 32 other null
alleles were observed. For seven donors, a null allele was found on
DYF403S1b, which is only present in RMY2 (Table 2). For one
person DYS439 showed no results in all three commercial kits
(PPY, Yfiler and PPY23; Table 2). In 12 different samples both
DYS448 (present in Yfiler and PPY23) and DYS626 (present in
RMY1) showed no results (Table 2). These marker units are
located 52.2 kbp from each other with none of the other markers
situated between them [18]. We gather that this ‘‘double null
allele’’ is due to a large deletion. Several papers describe null
alleles at DYS448 (e.g. [19–21]), but since DYS626 is less
commonly typed it is unclear whether these have such a double
null allele as well. In order to test whether the 12 persons with
this double null allele in our sample set are related in the male
lineage, their haplogroups were determined using Y-SNPs. Six of
them demonstrated haplogroup I, five had haplogroup R1a and
one showed haplogroup R1b. Therefore, we deduce that the 12
persons with this double null allele do not originate from one
male lineage, and that this double null allele is recurrent and
identical by state among the different haplogroups. When
examining the Y-STR haplotypes for the persons belonging to
the same haplogroup (I or R1a), it was noticed that two donors in
haplogroup I showed haplotypes with only one difference
between them, while all others displayed at least five differences
(data not shown). This one difference was detected in the rapidly
mutating DYF403S1b marker and we infer that these two donors
may be (closely) related in the male lineage, which would mean
that, in this case, the double null allele is identical by descent.
However, relationship testing based on 23 autosomal STRs did
not suggest a first or second degree relationship between these
donors (data not shown).

A noteworthy observation occurred for single copy marker
DYS576, as in one person an additional allele 14 of low peak height
was found next to a much higher allele 18 in both PPY23 and RMY2
profiles. The peak height ratio between both alleles varied between
0.12 and 0.31 in four independent amplifications with both

http://dx.doi.org/10.1016/j.fsigen.2014.10.012
http://www.bonaparte-dvi.com/
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multiplexes. The presence of the two alleles was confirmed with
Sanger sequencing, although the signals for allele 14 were again
very low and did not allow detecting a possible primer binding site
mutation. As the PCR primers for Sanger sequencing were
positioned at least 100 nucleotides further up- and downstream
than those used in RMY2 (and the primer positions for PPY23 are
unknown), we infer either the presence of multiple primer binding
site mutations, or a chimeric situation that is specific for this Y-STR
marker as none of the other Y-STR or autosomal markers showed
additional weak alleles. More detailed sequence information may
be obtained from next generation sequencing [10], but for now it
remains unclear what causes the presence of the second lower
allele on DYS576 in this sample.

3.2. Allele counts, allele frequencies and haplotypes

Four RM Y-STR marker units (DYF387S1, DYF399S1, DYF403S1a
and DYF404S1) most often show multiple alleles per marker
(between one and five alleles, Table 1), and are therefore
categorised as multi copy markers. The other 32 marker units
are considered single copy markers, although 14 of these, including
the previously described DYS576, show a second allele in one to six
of the 2085 samples (Table 1). In 26 of the 32 cases, the second
allele differs only one repeat length in size from the first allele, but
size differences up to six repeat lengths have been found. Except
for the previously described sample showing two unbalanced
alleles in DYS576, both alleles are balanced in the other cases.
Therefore, one needs to realise that finding a second allele on a
Table 2
Y-STR discordances and null alleles in a population sample of 2085 Dutch males.

Marker unit Observation PPY Yfiler PPY23 

DYF403S1b Null allele – – – 

DYS439 Null allele Null Null Null 

DYS448 19/null – Null 19 

DYS448 + DYS626 Null allele – NullDYS448 NullDYS448

DYS635 23/null – 23 Null 

Fig. 1. Fictive family tree used to deduce the most likely family relationship between two

is used to calculate the log10(LR) for the different relationships by fixing one of the dono

relationships (eight white squares).
marker unit that is believed to be a single copy marker, not always
reflects a mixture of two donors.

All haplotypes are presented in Supplementary Table S2. For all
36 marker units, the alleles present in the 2085 DNA samples were
counted and their frequencies were calculated (Table 3). DYS393
and DYS437 show the smallest allelic range with only five different
alleles in our Dutch population sample; DYF399S1 has the largest
range with 36 different alleles.

Supplementary Table S2 related to this article can be found, in
the online version, at doi:10.1016/j.fsigen.2014.10.012.

Next, we examined the haplotypes resulting from different
combinations of Y-STR marker units: the minimum YHRD marker
set, the various commercial kits (PPY, Yfiler and PPY23), the rapidly
mutating Y-STRs (RMY1 + RMY2), and all 36 marker units together
(PPY23 + RMY1 + RMY2). Table 4 shows the level of uniqueness of
haplotypes (the number of times a haplotype was observed) and
how many haplotypes have that level of uniqueness (the number
of occurrences in our 2085 samples). In general, with more Y-STR
markers, more unique haplotypes are found. The PPY23 markers
resulted in 92.5% unique haplotypes (1929 haplotypes occurred
only once (Table 4), haplotype diversity = 0.999959494976
(Table 5)), which is in the same range as the 93.5% described for
the European group analysed with PPY23 by Purps et al. [21]. For
the RM Y-STRs (RMY1 + RMY2), 98.4% unique haplotypes were
observed (2052 haplotype singletons (Table 4), haplotype diversi-
ty = 0.999991714881 (Table 5)), which is somewhat lower than the
100% reported by Ballantyne et al. [6] for the 112 Dutch samples
in their set. When combining all 36 Y-STR marker units, 2065
RMY1 RMY2 n Remark

– Null 7 –

– – 1 –

– – 1 Sanger: A > G 49 nt before repeat structure

NullDYS626 – 12 Haplogroup: 6� I, 5� R1a, 1� R1b

– – 1 Sanger: T > A 7 nt before repeat structure

 donors. Based on genotyping information at 23 autosomal STRs, Bonaparte software

rs of a pair (grey square) and testing the second donor for the other possible male

http://dx.doi.org/10.1016/j.fsigen.2014.10.012


Table 3
Allele counts and frequencies per marker unit.

DYF387S1 Count Frequency 13 1195 57.31 DYS526a Count Frequency

32 3 0.08 14 311 14.92 10 1 0.05

33 40 1.07 15 13 0.62 11 7 0.34

34 100 2.68 DYS389II Count Frequency 12 151 7.24

34.2 2 0.05 25 1 0.05 13 311 14.92

35 956 25.66 26 3 0.14 14 928 44.51

35.1 3 0.08 27 20 0.96 15 297 14.24

35.2 4 0.11 28 487 23.36 16 330 15.83

36 916 24.58 29 937 44.94 17 59 2.83

36.1 1 0.03 30 418 20.05 18 1 0.05

36.2 1 0.03 31 148 7.10 DYS526b Count Frequency

37 797 21.39 32 62 2.97 27 1 0.05

37.1 1 0.03 33 9 0.43 30 3 0.14

37.2 2 0.05 DYS390 Count Frequency 31 19 0.91

38 584 15.67 20 1 0.05 32 82 3.92

39 220 5.90 21 18 0.86 33 64 3.06

39.3 3 0.08 22 414 19.86 34 90 4.30

40 72 1.93 23 729 34.96 35 181 8.66

41 17 0.46 24 714 34.24 36 495 23.67

42 3 0.08 24.3 1 0.05 37 616 29.46

43 1 0.03 25 189 9.06 38 370 17.69

DYF399S1 Count Frequency 26 18 0.86 39 141 6.74

5 1 0.02 27 1 0.05 40 24 1.15

14 2 0.03 DYS391 Count Frequency 41 5 0.24

16 2 0.03 9 25 1.20 DYS533 Count Frequency

16.2 1 0.02 10 1077 51.65 7 1 0.05

17 10 0.17 11 922 44.22 9 39 1.87

17.1 3 0.05 12 53 2.54 10 39 1.87

17.2 30 0.51 13 7 0.34 11 550 26.37

18 23 0.39 14 1 0.05 11.3 1 0.05

18.1 3 0.05 DYS392 Count Frequency 12 1290 61.84

18.2 18 0.31 9 1 0.05 13 152 7.29

19 85 1.46 10 8 0.38 14 14 0.67

19.1 10 0.17 10.2 3 0.14 DYS547 Count Frequency

19.2 5 0.09 11 701 33.62 41 1 0.05

20 273 4.68 12 146 7.00 42 14 0.67

20.1 27 0.46 13 1156 55.44 43 19 0.91

21 746 12.78 14 59 2.83 44 60 2.87

21.1 32 0.55 15 9 0.43 45 154 7.38

21.2 1 0.02 16 2 0.10 46 392 18.78

22 828 14.19 DYS393 Count Frequency 47 560 26.83

22.1 68 1.17 11 1 0.05 48 487 23.33

23 871 14.92 12 146 7.00 48.2 3 0.14

23.1 132 2.26 13 1648 79.04 49 240 11.50

23.2 1 0.02 14 234 11.22 50 121 5.80

24 784 13.43 15 56 2.69 51 31 1.49

24.1 250 4.28 DYS437 Count Frequency 52 5 0.24

25 399 6.84 13 3 0.14 DYS549 Count Frequency

25.1 331 5.67 14 458 21.97 9 1 0.05

26 167 2.86 15 1123 53.86 10 16 0.77

26.1 368 6.31 16 491 23.55 11 136 6.52

27 64 1.10 17 10 0.48 12 993 47.63

27.1 191 3.27 DYS438 Count Frequency 13 773 37.07

28 15 0.26 8 5 0.24 14 150 7.19

28.1 69 1.18 9 75 3.60 15 16 0.77

29 1 0.02 10 675 32.37 DYS570 Count Frequency

29.1 22 0.38 11 150 7.19 14 4 0.19

30.1 3 0.05 12 1127 54.05 15 18 0.86

DYF403S1a Count Frequency 13 51 2.45 16 151 7.24

5 3 0.05 14 1 0.05 17 759 36.39

7 1 0.02 16 1 0.05 18 501 24.02

8 10 0.17 DYS439 Count Frequency 19 356 17.07

9 105 1.77 9 2 0.10 20 197 9.44

9.1 1 0.02 10 95 4.56 21 71 3.40

10 624 10.53 11 802 38.47 22 21 1.01

10.3 1 0.02 12 908 43.55 23 5 0.24

11 597 10.07 13 242 11.61 24 2 0.10

12 545 9.20 14 32 1.53 26 1 0.05

12.1 1 0.02 15 4 0.19 DYS576 Count Frequency

12.2 1 0.02 DYS448 Count Frequency 12 1 0.05

13 813 13.72 16 1 0.05 14 18 0.86

13.3 1 0.02 17 12 0.58 15 71 3.40

14 429 7.24 18 121 5.84 16 446 21.37

14.2 1 0.02 19 1120 54.03 17 722 34.60

15 458 7.73 19.2 2 0.10 18 522 25.01

15.2 1 0.02 20 689 33.24 19 223 10.69

16 884 14.91 20.2 1 0.05 20 71 3.40
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Table 3 (Continued )

17 707 11.93 21 113 5.45 21 11 0.53

18 419 7.07 22 12 0.58 22 1 0.05

19 218 3.68 23 1 0.05 23 1 0.05

20 77 1.30 24 1 0.05 DYS612 Count Frequency

21 20 0.34 DYS449 Count Frequency 30 1 0.05

22 9 0.15 25 1 0.05 31 5 0.24

29 1 0.02 26 13 0.62 32 14 0.67

DYF403S1b Count Frequency 27 61 2.92 33 48 2.30

42 4 0.19 28 162 7.77 34 135 6.46

43 4 0.19 29 397 19.03 35 237 11.33

43.2 1 0.05 29.2 1 0.05 36 572 27.36

44 14 0.67 30 689 33.03 37 514 24.58

45 38 1.83 31 386 18.50 38 353 16.88

46 220 10.58 31.2 1 0.05 39 162 7.75

47 671 32.26 32 196 9.40 40 41 1.96

48 379 18.22 33 113 5.42 41 7 0.33

49 209 10.05 34 47 2.25 42 1 0.05

49.2 1 0.05 35 12 0.58 43 1 0.05

50 240 11.54 36 6 0.29 DYS626 Count Frequency

51 148 7.12 37 1 0.05 24 7 0.34

52 89 4.28 DYS456 Count Frequency 25 40 1.93

53 41 1.97 12 7 0.34 26 14 0.68

54 15 0.72 13 39 1.87 27 24 1.16

55 5 0.24 14 377 18.08 28 111 5.35

55.2 1 0.05 15 717 34.39 29 620 29.89

DYF404S1 1 Count Frequency 16 603 28.92 30 513 24.73

9 1 0.03 17 283 13.57 31 343 16.54

11 18 0.49 18 56 2.69 32 264 12.73

12 358 9.72 19 3 0.14 33 105 5.06

12.2 7 0.19 DYS458 Count Frequency 34 23 1.11

13 388 10.54 13 11 0.53 35 8 0.39

13.2 38 1.03 14 84 4.03 36 2 0.10

14 1273 34.57 15 444 21.29 DYS627 Count Frequency

14.2 6 0.16 16 444 21.29 15 5 0.24

15 1067 28.98 16.2 5 0.24 16 47 2.25

15.2 5 0.14 17 684 32.81 17 47 2.25

16 412 11.19 17.2 10 0.48 18 100 4.79

17 95 2.58 18 281 13.48 18.2 2 0.10

18 14 0.38 18.2 4 0.19 19 331 15.86

DYS19 Count Frequency 19 92 4.41 19.2 1 0.05

11 1 0.05 19.2 1 0.05 20 322 15.43

12 3 0.14 20 17 0.82 21 459 21.99

13 103 4.94 21 5 0.24 21.1 1 0.05

14 1460 70.02 22 3 0.14 22 478 22.90

15 394 18.90 DYS481 Count Frequency 23 205 9.82

16 92 4.41 16 2 0.10 24 77 3.69

17 28 1.34 17 1 0.05 25 11 0.53

18 4 0.19 18 1 0.05 26 1 0.05

DYS385a Count Frequency 19 7 0.34 DYS635 Count Frequency

9 5 0.24 20 22 1.05 19 1 0.05

10 41 1.97 21 138 6.61 20 69 3.31

11 1129 54.15 22 876 41.97 21 361 17.31

12 170 8.15 23 339 16.24 22 233 11.18

13 403 19.33 24 143 6.85 23 1152 55.25

14 188 9.02 25 245 11.74 24 212 10.17

15 93 4.46 26 173 8.29 25 55 2.64

16 44 2.11 27 111 5.32 26 2 0.10

17 11 0.53 28 18 0.86 DYS643 Count Frequency

18 1 0.05 29 7 0.34 7 1 0.05

DYS385b Count Frequency 30 2 0.10 8 15 0.72

11 17 0.81 31 2 0.10 9 90 4.32

12 12 0.57 DYS518 Count Frequency 10 1125 53.96

13 116 5.56 33.1 1 0.05 11 241 11.56

13.2 2 0.10 34 8 0.38 12 522 25.04

14 1258 60.28 35 28 1.34 13 75 3.60

15 431 20.65 36 141 6.75 14 15 0.72

16 135 6.47 37 376 18.01 16 1 0.05

17 71 3.40 38 622 29.79 Y-GATA-H4 Count Frequency

18 30 1.44 39 449 21.50 9 5 0.24

19 12 0.57 40 278 13.31 10 148 7.10

20 3 0.14 41 116 5.56 11 849 40.72

DYS389I Count Frequency 42 53 2.54 12 953 45.71

9 1 0.05 43 12 0.57 13 123 5.90

11 12 0.58 44 3 0.14 14 7 0.34

12 553 26.52 45 1 0.05
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Table 5
Y-STR haplotype diversity.

Y-STR marker seta n Haplotype diversity Variance Standard deviation

Min YHRD 2085 0.990190879926 0.000000505263 0.000710818237

PPY 2085 0.996830021587 0.000000084913 0.000291397648

Yfiler 2085 0.999797014596 0.000000001017 0.000031889077

PPY23 2085 0.999959494976 0.000000000284 0.000016837934

RMY1 + 2 2085 0.999991714881 0.000000000233 0.000015271408

PPY23 + RMY1 + 2 2085 0.999995397156 0.000000000227 0.000015065196

a See Table 1 for the marker units present in these Y-STR sets.

Table 4
Uniqueness of Y-STR haplotypes in 2085 Dutch samples.

Uniqueness: # times a

haplotype was observed

# occurrences in 2085 samples

Min YHRDa PPYb Yfilerb PPY23b RMY1 + 2b PPY23 + RMY1 + 2

1 608 938 1650 1929 2052 2065

2 110 145 130 70 15 10

3 46 60 30 4 1

4 28 24 7 1

5 16 13 5

6 16 11 2

7 6 4 1

8 5 4

9 2 3

10 4 1

11 2

12 2 1

13 1 3 1

14 1

15 1

17 3 2

18 1 1

19 1

22 1

23 1

24 1 1

25 1

28 1

30 1

31 1

43 1

52 1

53 1

57 1

63 1

84 1

99 1

107 1

# different haplotypes 862 1217 1826 2004 2068 2075

a The minimum YHRD marker set consists of DYS19, DYS385a, DYS385b, DYS389I, DYS389II, DYS390, DYS391, DYS392, DYS393.
b See Table 1 for the marker units present in these Y-STR sets.
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haplotypes were seen just once (99.0% unique haplotypes (Table 4),
haplotype diversity = 0.999995397156 (Table 5)) and ten were
each seen twice (representing ten haplotype pairs), resulting in
2075 different haplotypes for the complete set of 2085 samples.

For these ten haplotype pairs we performed additional analyses
using the information of 23 autosomal STR markers [10].
Bonaparte software was used to deduce the most likely family
relationship between the two donors residing in one haplotype
pair, based on fictive family trees in which one of the donors of a
pair was fixed (grey square in Fig. 1) and the other donor was tested
for all the other possible male relationships (eight white squares in
Fig. 1). When the donors were switched, slightly different log10(LR)
scores were obtained, due to the differences in genotypes and their
corresponding allele frequencies in the formulae, but all results
were comparable, as expected (results not shown). Based on the
log10(LR) results, we infer that two of the haplotype pairs have a
father/son relationship (log10(LR) of 8.1 or 10.5), two have a
brother/brother relationship (log10(LR) of 6.3 or 12.2) and the other
six are likely to have a more distant relationship than the eight
relationships tested in Fig. 1 (log10(LR) between �28.3 and 1.6).
These results were confirmed by RelPair analyses (results not
shown). Although the study was designed to sample unrelated
individuals, it appears that few family relationships are present in
such a large population sample.

4. Concluding remarks

All the commercial multiplexes (PPY, PPY23 and Yfiler) and the
redesigned RM Y-STR multiplexes (RMY1 and RMY2) tested in this
study functioned well and efficiently generated genotyping data
for all 2085 Dutch donors. Very little discordance (0.002%) was
detected in our data set, which contained 19 Y-STR marker units
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that were present in multiple (two or three) kits. This might be due
to little nucleotide variation in the areas around the targeted
markers, or companies using similar primers. The percentage of
unique haplotypes was 92.5% for the 23 marker units in PPY23,
98.4% for the 15 RM Y-STR marker units, and it was even raised to
99.0% when all 36 marker units were combined, resulting in a very
high discriminating power for Y-STR standards.
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