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In silico detection of phylogenetic
informative Y-chromosomal single
nucleotide polymorphisms from whole
genome sequencing data

A state-of-the-art phylogeny of the human Y-chromosome is an essential tool for forensic
genetics. The explosion of whole genome sequencing (WGS) data due to the rapid progress
of next-generation sequencing facilities is useful to optimize and to increase the resolution
of the phylogenetic Y-chromosomal tree. The most interesting Y-chromosomal variants
to increase the phylogeny are SNPs (Y-SNPs) especially since the software to call them
in WGS data and to genotype them in forensic assays has been optimized over the past
years. The PENNY software presented here detects potentially phylogenetic interesting
Y-SNPs in silico based on SNP calling data files and classifies them into different types
according to their position in the currently used Y-chromosomal tree. The software uti-
lized 790 available male WGS samples of which 172 had a high SNP calling quality. In
total, 1269 Y-SNPs potentially capable of increasing the resolution of the Y-chromosomal
phylogenetic tree were detected based on a first run with PENNY. Based on a test panel
of 57 high-quality and 618 low-quality WGS samples, we could prove that these newly
added Y-SNPs indeed increased the resolution of the phylogenetic Y-chromosomal anal-
ysis substantially. Finally, we performed a second run with PENNY whereby all samples
including those of the test panel are used and this resulted in 509 additional phylogenetic
promising Y-SNPs. By including these additional Y-SNPs, a final update of the present
phylogenetic Y-chromosomal tree which is useful for forensic applications was generated.
In order to find more convincing forensic interesting Y-SNPs with this PENNY software,
the number of samples and variety of the haplogroups to which these samples belong
needs to increase. The PENNY software (inclusive the user manual) is freely available on
the website http://bio.kuleuven.be/eeb/lbeg/software.

Keywords:

Forensic genetics / SNP calling / Whole genome sequencing / Y-chromosome /
Y-chromosomal SNP mutations DOI 10.1002/elps.201300459

� Additional supporting information may be found in the online version of this
article at the publisher’s web-site

1 Introduction

The human Y-chromosomal phylogenetic tree needs to be
as accurate as possible since it has important applications
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in forensic sciences [1], evolutionary anthropology and pop-
ulation genetics [2–4]. Forensic scientists are taking advan-
tage of the Y-chromosomal phylogenetic tree in their daily
work, especially to assign geographical origins to specific lin-
eages [5]. Y-chromosomal SNPs (Y-SNPs) have a great ca-
pacity to detect geographical origins as many lineages de-
fined by Y-SNPs show a strong continent-specific [6, 7] and
even intra-continent-specific distribution [8–10]. Their use-
fulness in forensic cases is illustrated by the fact that Y-SNP
data are now also included in Y-chromosomal forensic
databases, such as in the YHRD database [11]. Therefore,
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several SNP arrays are currently used to genotype Y-SNPs for
forensic applications [12, 13]. Hence, an up-to-date extended
Y-chromosomal phylogeny is required using bi-allelic mark-
ers that are both unambiguous and non-recurrent and have
high discrimination power [14].

The latest up-to-date Y-chromosomal tree for forensic
applications was published by Van Geystelen et al. [14] and
this tree was mainly based on the ‘official’ tree of Karafet
et al. [7]. Several publications on lineage-specific updates of
the latter tree have been made already [e.g. 15, 16]. All these
updates are made based on sequencing limited parts of the
Y-chromosome for a small group of individuals belonging to
a limited set of sub-haplogroups. This means most likely that
many interesting markers are still missing in the current phy-
logenetic tree. Over the last few years, rapid progress in next-
generation sequencing (NGS) technologies has been made
such that an increased number of human whole genome
sequencing (WGS) data has become available [17, 18]. These
WGS technologies cover the whole Y-chromosome, unlike the
previous methods used to find novel Y-chromosomal markers
for the phylogenetic tree. Therefore, it is expected that WGS
data will become available in the future which will allow for
optimizing and increasing the resolution of the current phy-
logenetic Y-chromosomal tree [19].

There are two methods to create an enhanced phyloge-
netic tree based on the Y-chromosomal markers found in
the available WGS data. First, a new Y-chromosomal phylo-
genetic tree can be built after a tabula rasa of the present
Y-chromosomal tree by using only variants from the avail-
able WGS male samples [20–22]. Recently developed phylo-
genetic methods make it relatively easy to obtain a maximum-
likelihood tree [23, 24]. However, these trees do not provide
links between the present and newly reported lineages. Such
methods are therefore not useful for forensic sciences. Fur-
thermore, these procedures require a large set of high-quality
genome sequences to permit a full representation of all ex-
isting Y-chromosomal (sub-)haplogroups and geographical
regions. However, such an ideal set is not yet available [14].
The second possible method consists of using the presently
verified phylogeny and making changes to it: refining sub-
haplogroups, resolving polytomies and adding extra mark-
ers that confirm existing sub-haplogroups. This method has
an advantage in that it uses well-established data on the Y-
chromosomal phylogeny and therefore provides a link be-
tween the present and newly reported lineages. Moreover,
it is also possible to take into account the high number of
false-positive and false-negative SNP calls which occur in
any WGS method so far [25]. As long as the WGS meth-
ods are not fully optimized and as long as there is no ideal
set of WGS samples representing the major Y-chromosomal
haplogroups, it is assumed that the second method would
be more effective in creating an enhanced phylogenetic
tree [14].

Although several Y-chromosomal variants can be called
from WGS data, Y-SNPs are preferred over small inser-
tions and deletions (indels) and short tandem repeats (Y-
STRs) since NGS technologies do not yet allow for accu-

rate STR and indel calling [26]. Early analyses of WGS data
provided thousands of novel Y-SNPs [27–29]. More recent
meta-analysis of all available WGS samples has increased
this list to tens of thousands of Y-SNP loci which have not
yet been implemented in the latest Y-chromosomal phylo-
genetic tree [14, 19]. These new Y-SNPs may reveal new
phylogenetic sub-haplogroups, unravel polytomies and de-
tect potential mistakes in the current phylogenetic tree. Re-
cently, a new software tool, namely AMY-tree, has been devel-
oped to determine Y-chromosome lineages and identify novel
Y-SNPs using called Y-SNPs from WGS data [19]. However,
there are as yet no software tools available to validate these
newly observed Y-SNPs and to determine their phylogenetic
value.

The development of software tools that can categorize
these recently identified Y-SNPs is needed. The first reason
for this requirement is again the high number of false-positive
and false-negative SNP calls in any WGS analysis [25]. Incor-
rect Y-SNP calls can be made due to the highly repetitive
character of the Y-chromosome which makes mapping to the
reference genome very difficult [30]. As a ‘wet-lab validation’
of more than 100 000 Y-SNPs is not financially feasible, novel
Y-SNPs should instead be validated in silico. The second rea-
son is that both the phylogenetic position of each Y-SNP and
its value for the tree should be determined based on a broad
set of analysed WGS samples. Therefore, the aim of this study
was to develop a user-friendly software tool which handles
WGS data in order to be able to validate new Y-SNPs and to
update the present Y-chromosomal phylogenetic tree. It was
also the aim at this study to test the software on as many
WGS data samples as possible and to present an updated
Y-chromosomal tree which will be useful for all
Y-chromosomal applications within forensic genetics.

2 Materials and methods

2.1 Datasets

Y-SNPs from as many multiple WGS experiments from dif-
ferent genomic projects were collected. The dataset con-
sisted of 847 different samples of in total 745 differ-
ent Y-chromosomes (Table 1). This was an expansion of
the dataset used by Van Geystelen et al. [14] with 78
extra samples from the Personal Genome Project (PGP;
www.personalgenomes.org) and 22 samples from Shen
et al. [18]. As each of the different projects used different
human genome versions, all called SNPs were converted to
the Hg19 version. Some male genomes are analysed in sev-
eral projects and two families are also present in the dataset
(Supporting Information Table 1). The sub-haplogroup or
phylogenetic lineage of each sample in the dataset was de-
termined with the AMY-tree software [19]. The latest version
1.2 of the phylogenetic tree and the mutation conversion file
were used for determining the sub-haplogroup [14]. The de-
termined sub-haplogroups and the corresponding measure
of Y-SNP call quality introduced in Van Geystelen et al. [14],
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Table 1. Overview of the datasets used to run the developed PENNY software and to analyse its results

Project Samples Reference

1000 Genomes phase 1 526 The 1000 Genomes Project Consortium [17]
1000 Genomes pilot 1 77 Altshuler et al. [31]
Complete Genomics 35 Drmanac et al. [32]
Personal Genome Project 118 www.personalgenomes.org
Individual genome projects 45 Schuster et al. [28]; Peters et al. [33]; Rothberg et al. [34]; Chen et al. [35]; Tong et al. [29]; Wang

et al. [36]; Ahn et al. [27]; Rasmussen et al. [37]; Wheeler et al. [38]; Pushkarev et al. [39]; Keller
et al. [40]; Shen et al. [18]; www.everygenome.com; personal communication with Guy Froyen (VIB)

Singapore Sequencing Malay Project 46 Wong et al. [41]

Total samples 847
Unique genomes 745

that is, Matthews correlation coefficient (MCC), can be found
in Supporting Information Table 2. AMY-tree also returned
a list of all called Y-SNPs for each sample, which were not
present in the current phylogenetic tree. In total, 847 WGS
samples were collected for this study: 229 samples have a
high-quality Y-SNP calling (MCC � 0.95) while 618 have a
low quality (MCC � 0.95). A test panel was constructed to
verify the quality of the PENNY results afterwards: 57 high-
quality WGS samples which were uploaded between 10 April
2013 and 15 May 2013 on the PGP website were reserved for
the validation phase.

In order to check if the called Y-SNPs were pre-
viously known, the latest update of dbSNP (version
138, 25 April 2013) was obtained from USCS (hgdown-
load.cse.ucsc.edu/goldenPath/hg19/database/snp137Comm
on.txt.gz). The not yet peer-reviewed phylogenetic tree of
International Society of Genetic Genealogy (ISOGG) con-
tains more Y-SNPs than those in the current phylogenetic
tree. Therefore, a list of all Y-SNPs present in the ISOGG
phylogeny was obtained via their website (www.isogg.org,
20 November 2013).

2.2 PENNY software

The PENNY software (inclusive the user manual) is freely
available on the website http://bio.kuleuven.be/eeb/lbeg/
software. Based on the SNP calling input files, the PENNY
software detects novel Y-SNPs which are potentially inter-

esting for the Y-chromosome phylogeny by using a se-
ries of filters on all called Y-SNPs from WGS experi-
ments (Fig. 1). The first filter is the selection of all Y-
SNPs which occur in high-quality samples. The measure
for Y-SNP calling quality and its threshold can be set
by the user. We defined high quality as providing an
MCC � 0.95 which means that more than 97.5% of the nega-
tive and positive predictions are correct for such samples [14].
The second and third filters will remove all Y-SNPs which
were found in only one sample and also any Y-SNP in non-
unique regions of the Y-chromosome. A list of non-unique
regions in the Y-chromosome (Supporting Information
Table 3) was assembled based on information about pseu-
doautosomal, heterochromatic, X-transposed and ampliconic
segments [30] of the male-specific part of the genome as re-
ported by Wei et al. [20]. Next, information about paternal
relatedness is taken into account in the fourth filter: if the
new Y-SNP is present in more than 75% of all paternally
related samples in the dataset then it passes the ‘Related-
ness’ filter. However, if the Y-SNP is present in all paternally
related samples and it is absent in all other samples, then this
Y-SNP does not pass the filter and it is classified as a validated
private Y-SNP. A threshold of 75% was chosen based on tests
with the current dataset and based on the thresholds used
in Van Geystelen et al. [14, 19] to define the sub-haplogroup
of a specific sample taking the possibility of false negatives
and false positives in WGS into account. Nevertheless, this
value can be changed by the user. As mentioned before, the
dataset also contains samples which come from the same

Figure 1. Schematic workflow of the PENNY software for the detection of Y-SNPs that are potentially interesting for the Y-chromosome
phylogeny. For the detection of potentially interesting Y-SNPs, only the Y-SNPs of samples with a high SNP calling quality are used.
These Y-SNPs need to pass another set of five filters before being classified as potentially interesting Y-SNPs. Validated private Y-SNPs
can only be obtained when multiple samples from one individual or family is available.
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Figure 2. Workflow of the MRCA filter which divides the potentially interesting Y-SNPs into different types (A, B, C, D, E, F, G). For each
type of potentially interesting Y-SNPs, a fictive example is given whereby stands for the most recent common ancestor (MRCA) of

all samples that carry the Y-SNP, stands for the samples that do not carry the Y-SNP and stands for the samples that do carry the
Y-SNP.

DNA donor. These samples are of particular interest as they
can point out possible false-positive Y-SNPs which should be
avoided. The fifth filter uses this information. If a new Y-SNP
is present in more than 75% of all samples of an identical
genome then it passes the ‘Identical’ filter. However, if the
Y-SNP is present in all samples of an identical genome and it
is absent in all other samples, then this Y-SNP does not pass
the filter, as it does not improve the phylogenetic analysis, and
it is therefore a validated private Y-SNP. Again, a threshold
of 75% was chosen based on tests with the current dataset.
The last filter uses information about the most recent com-
mon ancestor (MRCA) of all samples that carry the Y-SNP.
Figure 2 shows the workflow of this ‘MRCA’ filter.

The goal of the MRCA filter is to remove the phyloge-
netic uninformative Y-SNPs to indicate which Y-SNPs can
become phylogenetic informative when more samples from
other sub-haplogroups become available, and to divide the
other Y-SNPs into different types (from A to G; Fig. 2). For
both type A and type D, the Y-SNP needs to be carried by sam-
ples belonging to only one sub-haplogroup which is a leaf of
the phylogenetic tree, and there must be samples present for
all sibling nodes of the sub-haplogroup. If less than 75% of the
samples belonging to that sub-haplogroup carry the Y-SNP, it
is classed as type A else it is classed as type D. When there are
no samples present in the dataset for any of the sibling nodes,
the Y-SNP will be placed in the ‘waiting room’ as the exact phy-

logenetic position of the Y-SNP cannot (yet) be determined.
This waiting room collection contains Y-SNPs which can be-
come potentially interesting when the presence/absence of
that Y-SNP in samples of the missing sub-haplogroups is
added. If the Y-SNP occurs in multiple leaves, the MRCA of
all Y-SNP carrying samples is determined. When that MRCA
is the ancestor of all high-quality samples in the dataset, the
Y-SNP will not pass the filter since it has no phylogenetic
informative value. The next separator is whether or not there
are samples present for each sub-haplogroup of the MRCA
in the dataset. If not, the Y-SNP will be placed in the ‘waiting
room’; otherwise the Y-SNP is classified type B, C, E, F or G.
If the Y-SNP is carried in more than 75% of the samples for
each sub-haplogroup of the MRCA, it is classified as type C. If
the Y-SNP on the other hand is carried in less than 75% of the
samples for each sub-haplogroup of the MRCA, it is classi-
fied as type G. In all other cases some sub-haplogroups of the
MRCA have �75% of their samples carrying the Y-SNP while
other sub-haplogroups have �75% of their samples carrying
the Y-SNP. For those Y-SNPs, the program checks if they can
solve the polytomy of the MRCA. If they can, they are clas-
sified as type B, otherwise a distinction is made between the
Y-SNPs. Either the MRCA is the direct parent of all samples
that carry the Y-SNP (type E), or the MRCA is not the direct
parent of all Y-SNP carrying samples (type F). When only
one sample for any sub-haplogroup of the MRCA is available,
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Figure 3. Evolution of the number of
Y-SNPs during the filtering process
for the detection of potentially inter-
esting Y-SNPs.

then the type of the Y-SNP is indicated as (E) or (F) since
there are not enough samples for this sub-haplogroup to be
confident about the type. This ‘MRCA’ filter is also applied
when the absence of a Y-SNP could be informative, that is,
the mutant state is present in the reference genome and the
ancestral state of the Y-SNP is called.

3 Results

3.1 Potentially phylogenetically interesting Y-SNPs

In total, 102 847 called Y-SNPs from the 790 WGS sam-
ples were used as the starting point for the detection of
potentially interesting Y-SNPs for increasing the resolu-
tion of the Y-chromosomal tree. More than 50% of those
Y-SNPs occur only in samples with an MCC � 0.95 as
Fig. 3 shows. Two-thirds of the remaining 48 523 Y-SNPs
are located in non-unique regions of the Y-chromosome
such that they are removed by the ‘Unique regions’ fil-
ter. Another two-thirds of those Y-SNPs are only carried by
one sample and as such they are also removed. The ‘Re-
latedness’, ‘Identical’ and ‘MRCA’ filters reduce the num-
ber of potentially interesting Y-SNPs to 1269. All these
potentially interesting Y-SNPs are listed in Supporting
Information Table 4, and the names that were given to these
novel Y-SNPs can be found in Supporting Information Ta-
ble 5. Over 1600 Y-SNPs were placed in the ‘waiting room’
(Supporting Information Table 6) which means that currently
they are not yet potentially of interest since there are samples
missing for some sub-haplogroups of the MRCA. When the
presence/absence of those Y-SNPs in samples of the missing
sub-haplogroup(s) is included, they might become potentially
interesting. Also 113 private Y-SNPs were validated based on
information about their occurrence in multiple samples of
the same genome (Supporting Information Table 7).

Figure 4 shows the number of Y-SNPs per type for all
Y-SNPs and for a subset of non-equivalent Y-SNPs. When all
Y-SNPs are considered more than half of the Y-SNPs belongs

Figure 4. Number of potentially interesting Y-SNPs per type. Up-
per panel: all potentially interesting Y-SNPs. Lower panel: non-
equivalent potentially interesting Y-SNPs.

to type D, another third belongs to type A and only very few
Y-SNPs of types B, C, E, F and G are present in the dataset of
potentially interesting Y-SNPs. As many Y-SNPs are equiva-
lent, the distribution of the non-equivalent Y-SNPs per type
looks different: the largest group is now type G followed by
types A and D and the amount of Y-SNPs belonging to types

Figure 5. Phylogeny of O1a (O-M119) in update 1.2 (upper panel)
and after interpretation of the results by the PENNY software
(lower panel).
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B, E and F are still relatively low. The relative high number
of Y-SNPs belonging to type G indicates that those Y-SNPs
which occur in different leaves of the tree with only a low fre-
quency are probably false-positive or false-negative SNP calls
in several samples. Examples of novel phylogenetically inter-
esting Y-SNPs are given in Supporting Information Tables
8–14. Based on all detected informative Y-SNPs, an updated
Y-chromosomal tree was composed (Supporting Information
Tables 19 and 20). A manual control of all Y-SNPs was still re-
quired especially for SNPs of types F and G. The new updated
tree is called version 2.0.

3.2 Validation of detected potentially interesting

Y-SNPs

As validation of all potentially interesting Y-SNPs is impos-
sible by laboratory analysis, one validation was performed
by comparing the potentially interesting Y-SNPs with the Y-
SNPs known by the ISOGG but which have not yet been
included in the phylogenetic tree. As shown by Supporting
Information Table 15, there were 27 Y-SNPs which were
known by ISOGG, and for all except one, that is, Z9, the
MRCA determined by PENNY corresponds with the lineage
of ISOGG. Only seven Y-SNPs have less than ten equiva-
lent Y-SNPs which means that these Y-SNPs support the
validation.

A second validation method is based on the so called
‘combined sub-haplogroups’. Van Geystelen et al. [19] had
to combine several sub-haplogroups with their direct parent
sub-haplogroup because they were poorly defined as a small
insertion or deletion (indel), which are not yet called with suf-
ficient quality in the WGS data, or contain a recurrent Y-SNP
which negatively influences the assignment of the sample
to a certain sub-haplogroup. However, these combined sub-
haplogroups have the potential to permit the determination
of potentially interesting Y-SNPs. Supporting Information
Table 16 shows an example of how these specifically iden-
tified Y-SNPs can be placed into a combined haplogroup.
For example, the combined sub-haplogroup O1a* or O1a1*
(O-M119* or O-P203*) was created because the recurrent
Y-SNP P203 was the only defining Y-SNP for sub-haplogroup
O1a1* (O-P203*). Based on results from seven high-quality
samples belonging to this combined sub-haplogroup PENNY
indicated that 55 potentially interesting Y-SNPs could re-
place the recurrent Y-SNP P203 as a marker for this
sub-haplogroup. Figure 5 shows the phylogenetic tree that
was used in the analysis (update 1.2) and the phylogenetic tree
after the interpretation of results using the PENNY software.
Due to PENNY, it was possible to restore the phylogeny of O1a
(O-M119) without the use of recurrent Y-SNPs. There are
also combined sub-haplogroups created based on the pres-
ence of indels but their determination is more difficult since
the calling quality of indels in NGS data is still insufficient.
Supporting Information Table 17 shows an example of such
a combined sub-haplogroup; although the presence of the
indel could not be traced, samples of sub-haplogroup J2b2*

or J2b2a (J-M241 or J-M99) can be divided in two different
groups. Another combined sub-haplogroup based on an indel
is sub-haplogroup O or O1 (O-M175 or O-MSY2.2). As shown
in Supporting Information Table 18, the occurrence of the in-
del MSY2.2 could not be traced and the five type B Y-SNPs
do not discriminate O1 from the other sub-haplogroups but
instead these Y-SNPs seem to differentiate O3 from O1 and
O2. In Supporting Information Fig. 3, the phylogenetic tree of
O1 (O-M175) before and after the interpretation of PENNY’s
results is shown.

The most valuable validation method was the test set
which consisted of 619 low-quality samples in the total dataset
and 57 most recent PGP samples which were not used in
the first PENNY analysis. All these samples were run with
AMY-tree and the updated tree version 2.0 which was the
result of the PENNY analysis. Based on this new tree, 94
samples out of the 619 low-quality samples (15%) were as-
signed to a phylogenetic deeper lineage or sub-haplogroup in
comparison with the updated tree version 1.2. For several of
these samples, a newly added Y-SNP was called revealing an
assignment to a much phylogenetic deeper lineages, for ex-
ample, from R1* (R-M173*) to R1b1b2a1a2d2 (R-AM00492).
The average MCC of these 619 low-quality samples increased
using the updated tree version 2.0 in comparison to the tree
version 1.2. For the test set with 57 high-quality samples,
12 samples (21%) were assigned to a phylogenetic deeper
lineage or sub-haplogroup in comparison with the updated
tree version 1.2. The averaged MCC of these 57 high-quality
samples increased, with updated tree 2.0 in comparison with
tree 1.2. Moreover, the discrimination power increased be-
cause most of the 12 samples belonged to a newly discov-
ered group which was not included with the other 45 sam-
ples in the test set based on the Y-SNPs of the updated tree
version 1.2.

3.3 Updated tree

After the positive validation of PENNY which lead to version
2.0 of the Y-chromosomal phylogenetic tree, we performed a
second run with PENNY including the 57 high-quality sam-
ples from the test panel. We also added all new Y-SNPs and
evolutionary lineages which were published till 20 November
2013, including Rocca et al. [42], Mendez et al. [43], van Oven
et al. [44], Poznik et al. [22], Francalacci et al. [21], Di Cristo-
faro et al. [45] to the tree. This second run resulted in 509
additional phylogenetic promising Y-SNPs. Finally, an
updated Y-chromosomal tree, version 2.1, was composed with
in total 582 evolutionary lineages and 2454 Y-SNPs (Support-
ing Information Tables 21 and 22).

4 Discussion

The results of this study show that the PENNY software was
successful in increasing the resolution of the phylogenetic
tree for forensic applications. Using 790 WGS samples in a
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first run with the PENNY software, 1269 potentially informa-
tive Y-SNPs were validated in silico based on strict criteria.
Another 1638 Y-SNPs were placed in the ‘waiting room’ since
there were yet not enough samples in the dataset available to
be sure about their specific phylogenetic position. Since the
dataset also contained samples of paternally related males and
samples which were derived from the same male but analysed
in different projects, 113 Y-SNPs specifically for one family
or individual, the so-called ‘private’ Y-SNPs, were validated in
silico. In a second run with the PENNY software with in total
847 WGS samples, 509 additional phylogenetic promising Y-
SNPs were detected. The strength of PENNY is the classifica-
tion of the informative Y-SNPs into several types according to
their position in the phylogeny, and their application towards
improving the resolution of the tree (Fig. 2). PENNY indi-
cates type A Y-SNPs which can refine existing end-lineages
of the tree and therefore increase the discrimination power
of samples. Another important type of Y-SNPs pointed out by
PENNY is type B; these Y-SNPs solve the polytomies which
are numerously present in the currently used phylogenetic
tree. Also confirmation of the existing lineages is important;
Y-SNPs which do confirm existing sub-haplogroups are clas-
sified as types C and D for internal nodes and end-leaves,
respectively. Finally, types F and G of Y-SNPs are important
for identifying any mistakes in the current Y-chromosomal
tree. The value of the newly Y-SNPs in an updated tree and the
higher discrimination power of this tree after the first run of
PENNY was confirmed by a test set of 57 recent high-quality
and 619 low-quality WGS samples.

The final result of this study was the improved phylo-
genetic Y-chromosomal tree (Supporting Information Tables
21 and 22). This updated phylogenetic tree has a much higher
resolution due to the phylogenetic promising Y-SNPs which
were pointed out by the two runs with the PENNY software.
PENNY is responsible for (i) adding in total 25 evolutionary
lineages to the phylogenetic tree, (ii) solving some polytomies
of the previous phylogeny and (iii) increasing the number of
Y-SNPs in the tree with 1394. By including new WGS data
of high quality in the future, novel Y-SNPs will be identified
and some of the Y-SNPs in the so-called ‘waiting room’ will
be assigned to a Y-SNP type. Moreover, the validated ‘private’
Y-SNPs in this study may also be included in the phylogenetic
tree in the future when unrelated WGS samples with these
‘private’ SNPs will also be available as they will show the rel-
evance of these SNPs. Of course, the phylogenetic position
of the Y-SNPs which are included in the tree in this study
and which passed all filters based on the current dataset may
change in the future or they may even disappear, as WGS
improves the resolving power.

Although the criteria used to include Y-SNPs into the
updated phylogenetic tree were quite strict, a relatively low
number of potentially interesting Y-SNPs were found in
silico by PENNY when considering that the dataset con-
sisted of 172 high-quality genomes with an average of 1994
called Y-SNPs. The most likely explanation for this observa-
tion is that the backbone of the current phylogenetic tree is
already well established and therefore only a limited num-

ber of potentially phylogenetically interesting Y-SNPs were
found. With the exception of a few Y-SNPs classified in types
F and G, there were no Y-SNPs which contradict the currently
used Y-chromosomal phylogeny. This was also no surprise as
Wei et al. [20] already confirmed the backbone of the tree us-
ing the tabula rasa method. Finally, several sub-haplogroups
in the previous updated tree were a combination of two lin-
eages as one was defined by an indel or a recurrent mutation
which are not efficient for an AMY-tree analysis [19]. Due to
the new Y-SNPs found by PENNY, it was possible to split
many of those combined groups again. Therefore, this is
again an indication that PENNY may find most of the rele-
vant sub-haplogroups of the phylogeny and that most of the
main sub-haplogroups are already known.

Another explanation for the low number of potentially in-
teresting Y-SNPs is the relatively limited range of high-quality
samples that was used in the PENNY analysis. Supporting In-
formation Fig. 4 shows the distribution of the haplogroups to
which the high-quality samples belong. Most samples belong
to haplogroups R, O and I and therefore it is not surprising
that these haplogroups represent the most non-equivalent po-
tentially interesting Y-SNP, namely 38, 31 and 21%, respec-
tively. Moreover, as most Y-chromosomal research is done
in Eurasia where haplogroups R, O and I have the highest
frequencies, it may be unsurprising that a relatively low num-
ber of novel potentially interesting Y-SNPs were found [10].
Therefore, an ideal dataset for PENNY would consist of mul-
tiple high-quality WGS samples from each sub-haplogroup.
In this ideal setting, the exact phylogenetic position of each
potentially interesting Y-SNP could be determined. Of course
it will be very hard to create this ideal dataset since sequenc-
ing with a high coverage of the whole genome is expensive,
particularly when at least two samples of each of the now
582 sub-haplogroups need to be sequenced. Another diffi-
culty to create this ideal dataset is the fact that not each sub-
haplogroup occurs with the same frequency in the world pop-
ulation. For some sub-haplogroups it will be harder to find
multiple samples than for others [6,7]. Although the creation
of such an ideal dataset seems far away, every day new WGS
data becomes available.

To summarise, the PENNY software provides the op-
portunity to refine and extend the current Y-chromosomal
phylogenetic tree for forensic applications based on in sil-
ico detection of potentially interesting Y-SNPs which were
called in WGS data of male samples. The PENNY analysis
revealed a new updated phylogenetic tree with much higher
resolution and discrimination power as observed with a test
set of high- and low-quality WGS samples. Therefore, a more
up-to-date Y-chromosomal phylogenetic tree can be compiled
for forensic applications. Although PENNY is a very useful
program to find in silico novel potentially interesting SNPs
for the Y-chromosome phylogeny, it has a major drawback,
namely that it depends on high-quality sample data. This
high-quality standard is required as the lineage of a sampled
Y-chromosome in the present Y-chromosomal tree must be
known with a high certainty in order to localize the phylo-
genetic position of new detected Y-SNPs. As the number of
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high-quality sample data is still limited, the output of the soft-
ware will be better when more sub-haplogroup diverse sam-
ples become available. Projects such as the 1000 Genomes
Project [17, 31] which aim to sequence whole genomes of a
large number of people to provide a comprehensive resource
on human genetic variation in several populations around the
world would be perfect to create an ideal dataset for PENNY.
However, these samples of the 1000 Genomes are sequenced
with a low coverage and therefore they do not pass our quality
filter. Moreover, exome sequencing, which is at the moment
very popular, is not an option since most phylogenetically in-
teresting Y-SNPs are not located in the relatively few genes
present on the Y-chromosome. Specific initiatives are there-
fore needed to provide an ideal dataset of samples to improve
the Y-chromosomal tree.
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