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Since two decades, short tandem repeats (STRs) are the preferred markers for human identiﬁcation, routinely
analysed by fragment length analysis. Here we present a novel set of short hypervariable autosomal microhaplotypes (MH) that have four or more SNPs in a span of less than 70 nucleotides (nt). These MHs display a
discriminating power approaching that of STRs and provide a powerful alternative for the analysis;1;is of forensic samples that are problematic when the STR fragment size range exceeds the integrity range of severely
degraded DNA or when multiple donors contribute to an evidentiary stain and STR stutter artefacts complicate
proﬁle interpretation. MH typing was developed using the power of massively parallel sequencing (MPS) enabling new powerful, fast and eﬃcient SNP-based approaches. MH candidates were obtained from queries in
data of the 1000 Genomes, and Genome of the Netherlands (GoNL) projects. Wet-lab analysis of 276 globally
dispersed samples and 97 samples of nine large CEPH families assisted locus selection and corroboration of
informative value. We infer that MHs represent an alternative marker type with good discriminating power per
locus (allowing the use of a limited number of loci), small amplicon sizes and absence of stutter artefacts that can
be especially helpful when unbalanced mixed samples are submitted for human identiﬁcation.

1. Introduction
Short Tandem Repeats (STRs) have been the preferred marker for
human identiﬁcation for over two decades. Although the high degree of
variation at STR-loci [1] provides useful discriminatory power for forensic and paternity cases, STRs are not the ideal marker type when
degraded or mixed samples are involved. The interpretation of samples
that have multiple contributors (and especially those with unequal
contributions) can be complicated by the eﬀects of slippage of DNA
polymerases at the repeat stretches, resulting in stutter peaks that reside
foremost at the n-1 position (representing products of one repeat unit
less than the original allele length) [2]. Also, STR fragments with higher
repeat numbers can be too long to allow ampliﬁcation in severely degraded DNA samples [3]. The ideal forensic marker has a high degree of
variation per fragment, allows for the design of small amplicons and is
devoid of the production of stutter artefacts. In 1999, Jin et al. [4]
published such a marker: a hypervariable fragment close to the MX1
gene on chromosome 21 containing several single nucleotide

polymorphisms (SNPs) within a stretch of 100 nucleotides that proved
to be informative in population genetics. However, at that time, the full
power of such loci could not be exploited since routine analysis performed by Sanger sequencing only provides consensus information for
each position without revealing how the variants of diﬀerent SNPs
within a fragment are connected (as a microhaplotype).
The development of massive parallel sequencing (MPS) platforms
has provided promising new possibilities, especially for marker types
that reveal their discriminatory value upon sequencing analysis. For
STRs, MPS reveals substantial sequence variation in addition to repeat
length, thereby increasing the discriminatory power of STRs compared
to conventional fragment analysis [5,6]. However, even with MPS, the
complication of stutter formation in the interpretation of complex
mixtures remains. MPS also allows for the analysis of large panels of
SNPs when severely degraded DNA is involved [7,8]. Recently, microhaplotypes (MH) or fragments with two to four SNPs, within a 200
nucleotide (nt) stretch, have been described [9] as an alternative for
STR typing of mixtures. Note that both SNPs and MHs do not allow for
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searches in DNA databases that are generally built from STR data and
that relevant reference samples need to be available. Here we examine a
new set of short hypervariable haplotypes, consisting of four or more
SNPs contained in genomic fragments of less than 70 nt. We indicate
that these MHs represent a discriminating power close to that of STR
loci and facilitate mixture analysis without the hindrance of stutter. The
data of the 1000 genome [10] and the GoNL projects [11] were used to
identify potentially useful MHs. To conﬁrm the genetic variation of
these loci, data from 276 individuals of three globally distinct populations and 97 DNA samples from nine large families were analysed using
MPS. Variant data of the most promising MHs was made publically
available via the Leiden Open (source) Variation Database (LOVD)
[12,13].

HGDP CEPH-panel [14] were ampliﬁed in monoplex reactions. PCRs
were performed using a 10 μl reaction containing PCR buﬀer (Life
Technologies), 3 mM MgCl2, 0.2 μM dNTPs, primer concentrations of
0.1–0.8 μM, 0.6 units Amplitaq Gold (Life Technologies) and 1.5 ng
DNA. PCR speciﬁcity was checked using the Qiaxcel system (Qiagen)
according to the manufacturer’s procedures and MHs for which additional bands were visible in eight or more samples were discarded. All
monoplex PCR products of the same sample were pooled and adapters
were ligated to the amplicon pool using the IonXpress library preparation kit according to the manufacturer’s procedures (Ion Torrent/
Thermo Fisher). Sequencing was performed using the PGM™ System
according to the manufacturer’s procedures (Thermo Fisher) and data
analysis was performed using FDSTools [5].

2. Material and methods

2.3. MH conﬁrmation by multiplex PCR and MiSeq analysis

2.1. Marker selection

A multiplex PCR was designed (amplicon sizes 87–126 bp including
primers) to examine the most informative 16 MHs in more detail. To
test for global variation, 99 samples from the Netherlands [15], 87
Asian samples of the Han Chinese and Japan HapMap panel [16], and
90 African samples of the Luhya (Kenya), Yoruba (Kenya/Nigeria) and
Maasai (Kenya) HapMap panel were analysed. To conﬁrm stable
transmission of the variants, nine CEPH families (family 12, 66, 1328,
1347, 13281, 13291, 13292, 13293 and 13294; 97 samples in total)
were analysed. Multiplex PCR was performed using a total volume of
12.5 μl containing PCR buﬀer (Life Technologies), 4 mM MgCl2, 0.4 μM
dNTP, primer concentrations of 0.03–0.35 μM, 2.5 units Amplitaq Gold
(Life Technologies) and 1.5 ng DNA. Adapters were ligated using the
KAPA HTP Library Preparation Kit for Illumina® platforms according to
the manufacturer’s procedures (KAPA Biosystems/Roche) and sequencing was performed using the MiSeq® Sequencer according to the
manufacturer’s procedures (Illumina, v3 chemistry). Data analysis was
performed using FDSTools [5]. Data for all observed sequence variants
of the ﬁnal set of MHs was submitted to LOVD (http://databases.lovd.
nl/DNA_proﬁles/) [12,13].

We screened the Variant Call Format (VCF) ﬁles of the African
samples of the 1000 Genome and all of the GoNL project samples
(Dutch selected for European ancestry) for genome fragments spanning
100 nt containing six SNPs with Minor Allele Frequencies (MAFs) in the
relevant population ≥0.1. To select a subset of fragments for wetlab
conﬁrmation from the total set (which was > 100,000 fragments), ﬁltering was performed using the following criteria:
- At least four out of six SNPs need to occur in both the 1000 Genomes
and the GoNL projects, we do this for both validation purposes, but
also to conﬁrm that the variants are present in samples from different ancestry;
- All six SNPs should be within 70 nt to maximise possibilities for
small amplicon design (the number of fragments from the 100 nt
interval search allowed us to further reduce the fragment size);
- At least ﬁve of the six SNPs should not share the same MAF to
maximise the number of possible haplotypes (many identical frequencies suggests perfect linkage and lack of variation);
- One of the SNPs should have a MAF of at least 0.4 to avoid overrepresentation of one haplotype.
- The highest and the lowest MAF of the SNPs within a fragment
should have a diﬀerence of at least 0.2 to maximise variation in
frequencies between haplotypes.
- The genomic distance to the nearest fragment should be at least
100,000 nt.

2.4. Statistical analysis
All statistic calculations were performed on haplotype data (not
separately for each SNP). Population statistics were calculated for all
populations (Chinese/Japanese and Kenyan/Nigerian were respectively
grouped together) using Powerstats [17] and Genalex [18]. The power
to detect mixtures (chance to observe a third allele for at least one
locus) was calculated as described by Phillips et al. [19] by adding an
extra sheet to the Powerstats Excel sheet (ﬁle available upon request).
An Excel sheet was used to check for correct transmission of variants in
the CEPH families. Neighbour joining networks were drawn for the 16
MHs of the ﬁnal multiplex using Network 5 and Network Publisher [20]
using the homologous sequence of a Chimpanzee as outgroup. Recombination rates were retrieved for all MHs from the HapMap recombination maps [21] and the average number of meioses for recombination to occur within the fragment was calculated considering
the fragment lengths. To test the potential of these fragments to inform
about geographic ancestry, STRUCTURE [22] was run 100 times with a
K-value of 2, 3 and 4. CLUMPAK [23] was used to combine and visualize the data of the repeated runs.

For the remaining fragments, the MH sequence spanning all SNPs
plus 60 nucleotides up- and downstream was checked for homology in
the genome using BLAST. Fragments with multiple hits (both within
one chromosome and on diﬀerent chromosomes) were discarded. For
the remaining fragments, primer design was performed using primer3
v4.0.0 allowing a Tm of 57–63 °C, a primer length of 18–27 nt and
amplicon sizes of 80–120 bp. Fragments containing repeating elements
(repeated four or more times) or single nucleotide stretches over 8 nt
were discarded. After primer design, the complete amplicon was
checked again for homology using BLAST to achieve the ﬁnal set of
fragments for wet-lab testing. The set was completed by designing an
amplicon representing the most variable part of the fragment described
in Jin et al. [4] which includes seven of the nine SNPs excluding the last
SNP of the 248 bp fragment and the SNP in the additional 227 bp
fragment.

3. Results
3.1. MH candidate selection

2.2. Microhaplotype selection by monoplex PCR and ion PGM analysis
A search in the VCF ﬁles for genomic intervals of 100 nt containing
at least six SNPs with a MAF of at least 0.1 resulted in 14,890 potential
MHs in the African samples of the 1000 Genomes project and 105,129
MH candidates in the GoNL dataset. An overview of the number of
remaining fragments for each chromosome after applying several

To conﬁrm the sequence variation for the selected candidates, 92
MHs were sequenced in 15 samples using the Ion PGM™ System according to the manufacturer’s procedures. Five Dutch, three Bhutanese,
two Ghanese, two Pygmy and three Amerindian samples from the
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Table 1
Numbers of remaining short hypervariable microhaplotypes after applying several ﬁltering criteria for selection of potentially informative fragments.
Chromosome
Selection Criteria
At least four SNPs in 1000 Genome and GoNL selection
Clusters <70bp

% of
total*

Total

4

5

7

8

10464 10.0%

181

332

277

291

133

5858

338

173

183

185

5612 5.3%

1
89

2
155

3
120

128

64

3435

6

175

73

9
91

10
105

At least five SNPs with different MAF within the fragment

4726 4.5%

80

139

89

102

57

2925

146

58

75

87

Max MAF in fragment at least 0.4

3910 3.7%

61

108

67

81

41

2402

118

57

69

77

Max within fragment freq-distance > 0.2

2882 2.7%

50

71

46

61

31

1863

84

42

47

51

410 0.4%

26

16

21

28

13

32

23

20

16

20

4

2

6

4

1

6

5

5

4

5

Distance between two fragments > 100,000 nt
Succesful PCR-design

92
Chromosome

Selection Criteria
At least four SNPs in 1000 Genome and GoNL selection

11

12

13

14

15

16

17

18

19

20

21

22

185

223

210

410

103

227

244

115

255

282

115

144

Clusters <70bp

96

124

112

171

33

103

125

62

120

113

53

65

At least five SNPs with different MAF within the fragment

87

109

91

125

26

82

98

57

96

102

43

52

Max MAF in fragment at least 0.4

70

97

83

113

25

63

96

47

75

82

39

39

Max within fragment freq-distance > 0.2

48

57

53

66

17

50

63

33

41

53

29

26

Distance between two fragments > 100,000 nt

24

17

17

11

11

22

17

13

26

14

11

12

6

2

4

4

5

6

5

2

6

4

2

4

Succesful PCR-design

*percentages are calculated as proportion of the GoNL candidate fragments.

ﬁltering criteria is shown in Table 1. After checking the remaining 410
fragments for homologous regions in the genome and the possibility for
PCR design, 92 fragments dispersed over the genome remained and
amplicons were prepared for wet-lab testing.

Table 2
Overview of the observed variation for each MH.

3.2. MH candidate testing
From the 92 MH candidates ampliﬁed for the ﬁrst set of 15 samples,
83 MHs passed the selection criterion regarding PCR speciﬁcity (no
diﬀerently sized ampliﬁcation products in at least eight of the 15
samples) and were subjected to sequence analysis.
The sequence variation observed for these 83 candidates was generally very low: in most cases only a single haplotype was observed. In
addition, several fragments showed more than two alleles in the same
sample reﬂecting multiple genomic copies of diﬀerent sequence. Using
these results as a selection criterion, 29 fragments remained with more
than two haplotypes in 15 samples and no indication of fragment ampliﬁcation from homologous loci based on the available data.

Locus

Unique observed
haplotypesa

Number of observed SNPpositions in MH

mh06PK-24844
mh06PK-25713
mh07PK-38311
mh08PK-46625
mh10PK-62104
mh11PK-62906
mh11PK-63643
mh14PK-72639
mh15PK-75170
mh16PK-83362
mh16PK-83483
mh16PK-83544
mh17PK-86511
mh18PK-87558
mh22PK-104638
mh21PK-MX1s

9
6
4
5
5
19
7
15
12
7
8
5
26
4
11
5

10
6b
5
4
7b
7
7
9b
13b
8
9
6b
22b
6
12
4

a
Each haplotype is deﬁned as a unique observed combination of the SNPvariants within a fragment (in the tested human samples).
b
For mh06PK-25713, mh10PK-62104, mh14PK-72639, mh15PK-75170,
mh16PK-83544 and mh17PK-86511, one of the SNPs is tri-allelic. For each
fragment, the number of observed unique haplotypes is displayed and the
number of SNP-positions in the fragment from which these haplotypes are
comprised.

3.3. Performance of MH set
A multiplex PCR was designed and 23 of the 29 fragments were
successfully ampliﬁed and sequenced in 276 population samples and 97
CEPH family samples. Three of the 23 fragments revealed multiple
ampliﬁcation products suggesting more than one genomic location.
Four fragments showed insuﬃcient sequence variation. Thus, 16 fragments remained for which the genome positions and primer sequences
are displayed in Sup. Table 1a. Microhaplotpes were named according
to the suggested names by Kidd et al. [24].
The observed number of variable SNP-positions within a MH varied
from four to 22 and the number of unique haplotypes varied from 4 to
26 as displayed in Table 2.
A sequence alignment of the observed haplotypes of each MH is
displayed in Sup. Fig. 1 and Sup. Table 2 displays the allele frequencies
in each of the three tested populations.
Networks were drawn from the population samples for each MH to
visualise the SNP-distance between the separate haplotypes and the
observed number of haplotypes for each population. An example of the
network of mh07PK-38311 is displayed in Fig. 1. For this ﬁgure, an
illustration of the fragment was included connecting the position of the
SNPs with the branches in the network. Sup. Fig. 2 displays the networks for each of the 16 MHs, statistics of the Chi-Square tests for
Hardy-Weinberg Equilibrium are displayed in Sup. Table 3.
The observed degree of variation is diﬀerent for each MH. 13 of the
16 loci result in a simple network with either no or one reticulation. The
MH with the most haplotypes (mh17PK-86511) has a slightly more
complex structure with a few low-frequency haplotypes that result in

reticulations. MHs mh11PK-62906 and mh14PK-72639 result in complex web-like structure. mh11PK-62906 is the only fragment located in
a region with a substantially elevated recombination rate. For the tested
allele transfers of the selected 16 MHs in the CEPH families (144 allele
transfer events for each locus in total), no inconsistent haplotype inheritance was observed. As an example, Sup. Fig. 3 displays the joined
family tree for CEPH family 1328, 13281, 13291, 13292, 13293 and
13294 (50 individuals in total) with the corresponding genotypes and
read counts of each haplotype for mh16PK-83544.
Forensic and paternity statistics are summarised for each tested
population in Sup. Table 4. The random match probability (RMP) of the
total set of 16 MHs is 9.2 × 10−13 for the African population,
4.4 × 10−11 for the Dutch population and 1.0 × 10−9 for the Asian
population. In comparison, Table 3 displays the RMP for several panels
of diﬀerent kind of loci and Table 4 displays the power to detect a
mixture (PMD) for the MHs and the tri-allelic [25] and tetra-allelic
SNPs [19].
To test the power of the 16 MHs to diﬀerentiate populations of
diﬀerent ancestry, 100 Structure runs were performed using two to four
groups (K = 2, K = 3 and K = 4, Fig. 2). A major cluster (76 of the 100
171
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Fig. 1. Illustration of the fragment of mh07PK-38311 and the
corresponding network of the haplotypes.
On top, the fragment of mh07PK-38311 is displayed with the
observed SNP positions indicated by vertical lines. Below, the
network displays the distribution of each haplotype over the
diﬀerent tested populations and the SNP-distance between
each haplotype. The circles are sized by the number of haplotypes observed in each population with colours representing
the haplotypes of each analysed population. Each branch of
the network is connected to the corresponding SNP in the
fragment by a dotted line.

4. Discussion

runs) and a minor cluster (12 of the 100) was obtained for K = 2 separating the African or the Asian samples respectively from the other
two populations. For K = 3, 98 of the 100 runs resulted in an almost
complete separation of all three populations involved. For K = 4, a
major and a minor fourth cluster were obtained resulting in a poor
diﬀerentiation of either the African or the Dutch population (data not
shown).

Detection of degraded DNA and of minor contributions in mixed
samples is often complicated when conventional forensic STR typing is
applied. Due to the large range of amplicon sizes for some loci and the
occurrence of stutter products, it can be diﬃcult to generate reliable
and reproducible STR proﬁles. It would therefore be ideal to use a
marker type of small amplicon sizes with a discriminating power
equivalent to STRs but without the burden of stutter artefacts.
We selected hypervariable micro haplotype loci with at least six

Table 3
Overview of the Random Match Probability for diﬀerent panels of forensic loci.
Panel

number of loci

Type of loci

RMPb

Based on
population

Source

Short hypervariable microhaplotypes

16

Micro haplotypes

4.4 × 10−11
1.0 × 10−9
9.2 × 10−13

NL
China/Japan
Kenya/Nigeria

This study

SGM Plus® Kit

10

STRs

7.9 × 10−14
3.0 × 10−13

African American
US Caucasian

ThermoFisher

NGM™

15

STRs

1.6 × 10−19
4.6 × 10−20
2.2 × 10−19

US Hispanic
African American
US Caucasian

ThermoFisher

NGM™ < = 200 bp*

9a

STRs

3.1 × 10−12
8.8 × 10−13
2.6 × 10−12

US Hispanic
African American
US Caucasian

ThermoFisher

STRs

1.6 × 10−28
2.4 × 10−27
2.1 × 10−27
1.4 × 10−25

African American
US Caucasian
US Hispanic
US Asians

Promega

Powerplex Fusion

SNPforID

52

SNPs

5.0 × 10−21
1.1 × 10−19
5.0 × 10−19

European
Somali
Asian

Sanchez et al. [28]

tri-allelic SNPs

13

SNPs
(tri-allelic)

3.2 × 10−6
4.4 × 10−7

Dutch
Dutch Antilles

Westen et al. [25]

tetra-allelic SNPsa

24

SNPs
(tetra-allelic)

1.5 × 10−12
5.2 × 10−10
2.0 × 10−15

European
East Asian
African

Phillips et al. [19]

Kidd MicroHaps

31

Micro haplotypes

1 × 10−13 − 4 × 10−21

Various global populations

Kidd et al. [9]

a
b

The boundary of 200 nt is within the range of some loci, on average 9 loci determine the RMP.
Abbreviations: RMP = Random Match Probability.
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suggesting a heterozygous genotype.
2 Fragments with many SNPs in a short range may exceed the number
of allowed mismatches for mapping reads to the reference during
analysis, meaning that only the reads that overlap part of the SNPs
and haplotypes that are most similar to the reference sequence will
be mapped to the correct location.

Table 4
Overview of the Power of Mixture Detection for diﬀerent panels of forensic loci.
Panel

number
of loci

Type of loci

PMDa

Based on
population

Source

Short
hypervariable
microhaplotypes

16

Micro
haplotypes

0.9989
0.9947

NL
China/
Japan
Kenya/
Nigeria

This
study

tri-allelic SNPs

10

SNPs
(tri-allelic)

0.7490
0.9471

Dutch
Dutch
Antilles

Westen
et al.
[29]

tetra-allelic SNPs*

24

SNPs (tetraallelic)

0.9939
0.9260
0.9999

European
East Asian
African

Phillips
et al.
[19]

a

0.9999

In combination with relatively low coverage, these two issues can
result in erroneous variant calling for separate SNP positions within one
(heterozygous) sample. An extensive wet-lab conﬁrmation of new
possibly hypervariable loci is therefore essential. Testing of samples
from globally dispersed populations will not only give information
about discriminating power in diﬀerent populations, but also increase
the chance to ﬁnd diﬀerent heterozygous allele combinations that can
help to identify possible co-ampliﬁed homologous regions. Testing of
samples from large families will conﬁrm correct inheritance of the
haplotypes and assist the internal validation of genotyping results.
Although many of the initial candidate loci were rejected, a ﬁnal set
of 16 MHs remained with expected inheritance of the haplotypes in the
tested families and a high degree of variation in the population samples.
With a varying number of haplotypes for each MH (2–19) and corresponding haplotype frequencies, the discriminating power is not as
strong as STRs but the set of 16 loci still reaches strong random match
probabilities (RMP) of: 1.0 × 10−9 in the Asian population,
4.4 × 10−11 in the Dutch population and 9.2 × 10−13 in the African
population. For identiﬁcation purposes, our set of loci prove to be more
informative than other alternative non-STR loci as can be observed
from Table 3. Since the populations tested for the diﬀerent loci are not
exactly the same, a direct comparison of the RMP should be interpreted
carefully. Notwithstanding, the discriminating power of the 16 short
hypervariable MHs roughly resembles that of nine STRs [26], 25 triallelic SNPs [25], 21 tetra-allelic SNPs [19] or 23 of the earlier described MHs [9].
An important advantage of the use of MHs for mixture analysis is the
number of haplotypes that is observed for several loci. The statistical
power (likelihood ratio) of matching a person with a two-person mixture is substantially increased when more than two alleles are present
for a speciﬁc locus. The power to detect a third allele for a two-person
mixture in at least one of the 16 loci ranges from 0.995 in the Asian
population to 0.9989 in the Dutch population and even 0.99992 in
African population. For detecting additional contributors in mixtures,
the assay outperforms the published sets of tetra-allelic and tri-allelic
SNPs (Table 4). For the 130 MHs of Kidd et al. [27], the average PMD is
estimated based on the top 28 loci for diﬀerent numbers of loci divided
in ranges of eﬀective number of alleles (3–4, 4–5 and > 5). These 28
loci together reach a PDM of 0.9999999875 from which 16 loci contain
all SNPs within a 150 nt span. However, only three these 28 loci contain
all SNPs within a 100 nt span as is the case for the loci described in this
paper. The two sets together could complete an even more optimal set
of loci for mixture detection.

abbreviations: PMD = Power of Mixture Detection.

Fig. 2. STRUCTURE/CLUMPAK population diﬀerentiation for 16 MHs in the
tested populations.
The ﬁgure displays the CLUMPAK results of 100 STRUCTURE runs, every bar
displays one individual. On top, the major mode is displayed of STRUCTURE
runs with K = 2 derived from 76/100 repeated analyses where the African
samples are mostly diﬀerentiated from Europe and Asia. In the middle, the
minor K = 2 mode is displayed derived from 12/100 repeated analyses where
most Asian samples are diﬀerentiated from Africa and Europe. At the bottom,
the results for K = 3 are displayed derived from 98/100 repeated analyses
where most of the samples of the three continents are properly diﬀerentiated.

SNPs within a range of 100 nt from genomic reference data of a
European and African populations and tested the ﬁnal set on additional
populations (including Asian samples) in order to provide a set of
markers which is likely to be informative in the majority of global
populations. Since the data available to us consisted merely of SNPfrequencies and did not contain any information about haplotype frequencies of the combined SNPs within a fragment, we used variation of
SNP allele frequencies within each fragment as a means to maximise
haplotype variation.
BLAST results of the ﬁrst selection of 410 fragments exposed that
many (≈25%) of the hypervariable fragments contained homologous
regions in the genome, which suggested that part of the variation in the
databases might have resulted from something else than actual SNP
variation. After discarding those fragments, sequencing of the remaining fragments still revealed much less variation than we observed
in the data of the two genome projects. Since most of such reference
data is derived from alignment of short reads (for these projects reads of
mostly ≤150 nt) to a reference sequence, there are two likely issues
that could cause discrepancy in the estimated frequencies for these
hypervariable fragments:

4.1. Observed variation
Reticulations in a neighbour joining network can be caused by either recombination or by recurrent mutations. The only fragment located in a region with exceptionally high recombination rate is
mh11PK-62906, but considering the small fragment length, recombination would only be expected to occur within the fragment once
every 5.5 × 104 meioses. This might suggest that the web-like networks
of mh11PK-62906 and mh14PK-72639 (and in lower extent mh17PK86511) are more likely to be explained by mutation hotspots concentrated on a few speciﬁc positions rather than by recombination.
Indeed, in none of the tested allele transfers of the CEPH families (144
allele transfer events for each locus in total), recombination has occurred in such a way that the allele inheritance of any of the loci was
impacted. When using these loci for paternity cases, it should be

1 Homologous fragments may map to the same position, falsely
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on the data of these 16 MHs. Data from a larger set of samples with a
more global representation would be needed to test the full potential of
these MHs as ancestry informative markers. From the 16 MHs that remained after all selection criteria, several of the loci failed HardyWeinberg equilibrium test since the frequency of some homozygous
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