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Abstract Haplogrouping refers to the classification of
(partial) mitochondrial DNA (mtDNA) sequences into hap-
logroups using the current knowledge of the worldwide
mtDNA phylogeny. Haplogroup assignment of mtDNA
control-region sequences assists in the focused comparison
with closely related complete mtDNA sequences and thus
serves two main goals in forensic genetics: first is the a
posteriori quality analysis of sequencing results and second
is the prediction of relevant coding-region sites for confir-
mation or further refinement of haplogroup status. The latter
may be important in forensic casework where discrimination
power needs to be as high as possible. However, most
articles published in forensic genetics perform haplogroup-
ing only in a rudimentary or incorrect way. The present
study features PhyloTree as the key tool for assigning
control-region sequences to haplogroups and elaborates on
additional Web-based searches for finding near-matches
with complete mtDNA genomes in the databases. In con-
trast, none of the automated haplogrouping tools available
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can yet compete with manual haplogrouping using Phylo-
Tree plus additional Web-based searches, especially when
confronted with artificial recombinants still present in fo-
rensic mtDNA datasets. We review and classify the various
attempts at haplogrouping by using a multiplex approach or
relying on automated haplogrouping. Furthermore, we re-
examine a few articles in forensic journals providing
mtDNA population data where appropriate haplogrouping
following PhyloTree immediately highlights several kinds
of sequence errors.
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Introduction

Mitochondrial DNA (mtDNA) analysis has become a rou-
tine target in forensic casework where standard nuclear
markers cannot be applied. The EMPOP project (http://
www.empop.org) [1] provides the leading mtDNA database
of control-region sequences for comparison with partial
mtDNA sequences from forensic traces. Release 6 now
offers 10,841 entire control-region sequences plus some
additional partial sequences. Comparison of a trace se-
quence with the sequences from that database can provide
rough estimates of match probabilities in certain human
population groups.

From a given entire control-region sequence or its hyper-
variable segments [ (HVS-I) and/or II (HVS-II) and/or III
(HVS-III), one can often determine the approximate location
of the mtDNA lineage in the current tree estimate of the
global mtDNA phylogeny. This process of allocating partial
(or entire) mtDNA genomes to haplogroups is called
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haplogrouping. The term refers to the fact that the basal part
of the known mtDNA phylogeny is encoded as a nested
system of haplogroups (alias monophyletic clades). A readily
accessible global mtDNA tree based on complete mtDNA
genomes is provided by the PhyloTree project (http://
www.phylotree.org) [2], which was initiated in August 2008
and is updated at regular intervals. In fortunate cases, very few
mutational variants alone can unambiguously determine a
specific clade of the mtDNA phylogeny; e.g., the combined
presence of variants 131C and 183G pinpoint a novel subha-
plogroup of B2 (to be named B2j in Build 14) according to [3].
Despite the ease with which mutations and motifs can be
searched in PhyloTree, the use of this Web information is
apparently not yet routinely used by most forensic laboratories.

In the worst case, no haplogrouping at all is performed.
More often, some sort of haplogrouping is aimed at by using
fixed partial motifs of mutational variants relative to the
revised Cambridge Reference Sequence (rCRS; [4]) that
need to be matched entirely and therefore do not allow for
occasional back mutations. In other cases, obsolete hap-
logroup schemes are still in use, which would no longer be
supported by up-to-date knowledge of the mtDNA phylog-
eny. This is also the case for the on-going anthropological
Genographic project, which employed a coarse classifica-
tion tree, which was outdated even at the time (2005) when
the project was launched [5]; see Supplementary File 1.

Haplogrouping is useful because it can help to detect
sequencing and documentation errors. For instance, optimal
haplogrouping of a given mtDNA sequence allows to parti-
tion the nucleotide variants into shared and private ones and
could therefore indicate the oversight of variants or the
presence of phantom mutations and artificial recombination
[6-9]. When executing a database search, an “innocent”
documentation error that, e.g., transforms a transition into
a transversion could convert a very common haplotype into
a very rare one. Simple errors could also lead to mismatches
when comparing two profiles coming from a forensic stain
and a suspect. On the other hand, the potential haplogroup
status of a control-region sequence suggests which addition-
al coding-region sites could be screened in order to increase
the discrimination power of the mtDNA test [9].

In the present study, we outline strategies for performing
haplogroup allocation of control-region sequences via per-
tinent Google (as performed in [10]) and PhyloTree
searches. We then go through the mtDNA population data
published in forensic journals (Legal Medicine, Journal of
Forensic and Legal Medicine, Journal of Forensic Sciences,
Forensic Science International: Genetics, and International
Journal of Legal Medicine) within the period 2007-2011.
We show that attempts at haplogrouping, either manual or
automated, may fall short of the goal for several reasons.
The shortcomings of the various attempts at haplogrouping
carried out in those articles are highlighted in brief; see
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Supplementary File 1. We also demonstrate by way of a
case selected from the field of medical genetics that employ-
ing HVS-I sequences plus a major portion of the coding-
region sequence will normally predict a fine-grained hap-
logroup status. Similarly, a tailored multiplex SNP analysis
of coding-region sites could in principle improve haplo-
grouping inferred from HVS-I&II variation—provided that
the choice of SNPs has been made prudently, that is, by
selecting sites as conservative as possible for elucidating
pivotal parts of the mtDNA phylogeny that are poorly
determined by control-region variants.

Methods
Reference mtDNA tree

The reference tree for the mtDNA phylogeny employed in
our study for testing automated classification tools is
mtDNA tree Build 13 of 28 December 2011 (http://
www.phylotree.org/builds/mtDNA_tree Build 13.zip).
This basal classification tree of haplogroup motifs is now
based on 10,627 complete genome sequences and thus
appears to be quite robust and detailed. Each haplogroup
is characterized by a set of nucleotide variants that are
shared by all its members due to common ancestry—unless
some sporadic back mutation has partially erased this sig-
nature. These shared variants are commonly referred to as
the “sequence motif” or “mutation(al) motif”. If one wishes
to know the motif (expressed as differences from the rCRS)
characterizing a particular haplogroup, one has to record the
mutations appearing along the branches of the tree all the
way from the rCRS to the node of the targeted haplogroup.
Supplementary File 2 provides the control-region motifs for
all haplogroups included in PhyloTree Build 13.

Mutation weighting

The sequence motif of some mtDNA profile could be par-
tially incomplete (i.e., lacking variants that would be
expected from the phylogeny) due to oversight or natural
back mutation. Knowledge of positional mutation rates is
useful to evaluate how likely a back mutation would occur
at a given position. Therefore, in order to explore how
frequently a site is hit by a particular mutation, we refer to
the analysis carried out by Soares et al. [11] (based on 2,196
selected complete mtDNA sequences). In what follows we
will briefly refer to the Soares et al. score as the number of
occurrences (back or forth) inferred from the test dataset of
[11]. The top ten coding-region mutations in [11] are the
transitions at sites 709, 11914, 5460, 15924, 1719, 13708,
13105, 5147, 1598, and 8251, with scores ranging from 59
down to 22.
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This may also be compared to the number of occurrences
in Build 13 of PhyloTree, where the top ten coding-region
mutations are at sites 709, 13708, 11914, 5460, 15924,
1719, 5147, 1598, 10398, and 13105, with scores from 36
to 15, quite well agreeing with the previous list (site 8251 is
number 12 here with score 13). The mutations recorded
along this tree are shared mutations on basal parts of the
estimated mtDNA phylogeny, except for a few singular
lineages with their full spectrum of mutations. Mutations
beyond the current haplogroup level (“private mutations”)
are thus not shown. Therefore, the mutations in PhyloTree
constitute only a minority of all mutations that could be
retrieved from an exhaustive global tree of all published
mtDNA sequences that seem to be of reasonable quality.

Mutation weighting is even more important for the
control-region which includes the most extreme hotspots.
The top nine control-region mutations (excluding the hot-
spot transition at 16519 and some length polymorphisms) in
[11] are the transitions at sites 152, 16311, 146, 195, 16189,
16129, 16093, 16362, and 150 with scores ranging from 157
down to 63. In PhyloTree, the top nine are nearly the same:
152, 16311, 195, 146, 16189, 16129, 16362, 150, and
16172 with scores from 139 to 40.

To illustrate how the use of those scores can enhance
haplogrouping, consider the control-region profile 16221T
16291T 263G 309.1C 315.1C (sample BIO-03 Pa from the
Basque province Biskaia [12]). Except for hotspot insertions
at site 309, this profile matches the control-region variation
of two complete mtDNA sequences (GenBank accession
numbers GQ888728 and HQ675034), which are allocated
to haplogroup HV4ala. On the other hand, the closely
related control-region profile 16291T 263G 309.1C
315.1C with an extra change 311T is found within hap-
logroup H2a2b (GenBank accession number AY339426).
Nonetheless, the classification of the former profile as be-
longing to haplogroup HV4ala is on safe grounds: transi-
tions at 16291 occur very often (26 times in PhyloTree and
34 times recorded in [11]), whereas the 16221T variant
seems to be confined to haplogroup H4a (with one back
mutation recorded in PhyloTree).

Haplogrouping

As a first attempt towards a formal procedure, one might
regard haplogrouping of a single sequence as the minimum
(weighted) length extension of the mtDNA tree by adding
the new sequence to the reference tree—or much better—to
the total tree of complete mtDNA sequences underlying the
reference tree. In other words, one would in principle seek
for a location in the tree where the new sequence branches
off so that the weighted sum of private mutations gets
minimized. This process just constitutes the familiar sequen-
tial step in the Wagner tree procedure erst proposed in [13].

The obvious drawback is that the new sequence would
typically get misplaced due to homoplasy (long-branch at-
traction) in the rather rare case that it belongs to an entirely
new major haplogroup that is not yet represented in the
reference tree.

The control-region is the mtDNA segment that is most
commonly analyzed in forensic and population genetic stud-
ies. Haplogrouping control-region segments is often—but
not always—straightforward using PhyloTree, where the
optimization criterion can be fulfilled almost by visual in-
spection, at least guided by some experience. In any case,
the strategy would be to screen PhyloTree for the mutational
variants characterizing the sequence of interest and using the
tools available in the preferred Web browser. The search
strategies proposed here extend those previously used in
[14, 15] for finding articles in which certain mtDNA muta-
tions were mentioned; see Table 1.

To exemplify these strategies, consider the control-region
profiles PK-187, PK-189, PK-249 of [16], all sharing the
rare variant 16179del, which were allocated by the authors
to haplogroup M30 but not classified further. In order to
explore the control-region variation within this haplogroup,
one could enter the Website http://www.ianlogan.co.uk/
sequences_by group/m30_genbank sequences.htm and im-
mediately find a complete mtDNA sequence (GenBank
accession number AY922256) within haplogroup M30d1
listed with this particular deletion. This justifies to classify
those three samples as M30d1 haplotypes. Alternatively,
although more laboriously, one could scan the M node of
the mtDNA tree provided by a Russian company (http:/
mtdna.gentis.ru/tx/hg/M/tx M _304991.htm#) to find first
the M4"67 node (“Taxon M_326510”) in which the M30
node (“Taxon M30_326525”) is nested and then explore the
entire M30 subtree branch by branch until one eventually
arrives at the desired sequence bearing 16179del (“Taxon
M30d1_81654”).

In a similar way, one could fine-classify the control-region
profile PK-044 from [16] allocated to haplogroup W3. This
sample shows four variants 16209C, 16255A, 119C, and
185A not covered by the motif of haplogroup W3. Ian
Logan’s Website for haplogroup W lists two complete
mtDNA sequences (GenBank accession numbers GU147938
and HM214761) allocated to haplogroup W3a which share
the first three of those seemingly private mutations. The same
pair of sequences is then eventually retrieved on the Gentis
Website under “Taxon N2W3a 322142”. For further instan-
ces of fine-classification beyond PhyloTree, see “Results” and
Supplementary File 1.

Multiplex genotyping design

Since control-region variation alone cannot settle the desired
haplogroup assignment in many cases, the most natural
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Table 1 Quick Web-based searches for mtDNA haplogroup affiliation

Goal Website

Action / Query

Determining haplogroup http://www.phylotree.org/tree/

main.htm

Exploring the subhaplogroup levels  http://mtdna.gentis.ru/

Finding closely related lineages
in GenBank
Finding perfect matches in fragments http://www.google.com/

Finding related partial profiles http://www.google.com/

Finding specific variant http://www.google.com/

http://www.ianlogan.co.uk/sequences_
by group/haplogroup_select.htm

Download the entire tree and search
site numbers (e.g., “73”)

Travel through the tree from its root to the targeted
haplogroup (according to PhyloTree) and then scan
the nested array of subhaplogroups (“child taxa”)

Click haplogroup and search private mutations (e.g., A73G)

Enter truncated profile (e.g., ““73G 263G 315.1C 489C 573.1C
573.2C” or “*A73G A263G 315.1C T489C 573.1C 573.2C™”)

Enter partial profile (e.g., “A73G G94A PhyloTree” or “A73G
G94A mtDNA” or “73G 94A mtDNA”)

Search variant (e.g. “A73G PhyloTree” or “A73G mtDNA” or
“73A >G mtDNA” or “73G mtDNA”)

approach is to gain more information from the coding-
region, for instance, either by directly sequencing several
fragments [17] or by SNP screening via multiplex analysis
[18-22]; see Table 1 in [23] for a list of articles on SNP
multiplex analyses. The design of a multiplex SNP array
would depend on whether it is supposed to (1) be used on a
(sub-)continental scale without prior sequence information
(e.g., [18-21]) or (2) be restricted to a specific haplogroup
(e.g., [24, 25]) or (3) complement control-region informa-
tion (e.g., [19, 26]). Further, the purpose of a multiplex
analysis matters: either haplogroup assignment is aimed at
(as in [18]) or discrimination power between samples in
forensic casework is to be increased (1) without prior
knowledge of haplogroup status (2) or with haplogroup
allocation presumed, or (3) with control-region information
given [27]. For the purpose of discriminating otherwise
identical mtDNA control-region sequences one would pref-
erably choose highly mutable sites, which however are
typically ignored or considerably downweighted for hap-
logroup assignment.

There is no realistic solution for a worldwide universal
SNP design, even when only discrimination power is targeted
[23], given the limitations of casework samples with respect to
availability of mtDNA for such additional analyses. Neither
would any worldwide SNP array be of much use even for
coarse haplogrouping since there are simply too many basal
branches in the Eurasian mtDNA phylogeny (especially with-
in haplogroup M). For the purpose of just identifying African,
West Eurasian and Native American matrilineal ancestry,
three multiplexes of small or medium sizes could suffice
[21]. In contrast, South and Southeast Asian or Oceanian
ancestry is difficult to determine through multiplex analysis
since the knowledge of complete mitochondrial variation is
yet quite limited; see, e.g., [28]. In this situation, one would
best proceed with a large number of parallel multiplex analy-
ses, in order to allocate profiles to main branches of the
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phylogenetic tree, and some subsequent nested multiplexes
for refined classification. A multiplex design involving large
numbers of SNPs [29] could then assist in general haplogroup
assignment but never to the level provided by complete ge-
nome sequencing, given that a pre-designed multiplex array
can only target known variation (inferred from the known part
of the phylogeny and population data).

Then the ideal properties of any multiplex design for
haplogrouping are the following: (1) it should either have
a sub-continental focus or subclassify only a single major
haplogroup, (2) it should shield against mtDNA outliers
from other parts of the mtDNA phylogeny, (3) it should
use phylogenetically meaningful default categories (such as
L3*, M*, N* R*, etc.), (4) it should avoid including sites of
very high mutation rates (if possible). Two further points are
that (5) the decision tree for haplogroup assignment should
constitute a truncation of the entire mtDNA tree from Phy-
loTree relative to the tested variants of the entire mtDNA
molecule, and that (6) the control-region information should
be integrated in order to arrive at a haplogroup allocation at
some finer level whenever (partial) control-region sequenc-
ing has been carried out.

As to points (1), (2), and (3), every sub-continent-specific
multiplex that is designed for allocating mtDNA samples to
the according haplogroups should provide information on the
important multi-furcation pivots of the mtDNA phylogeny.
Therefore, at least the following sites should be included:
1018 (recognizing haplogroup L3), 10400 (haplogroup M),
either 9540 or 10873 (haplogroup N), and 12705 (haplogroup
R). All of these mutations appear only once in PhyloTree
Build 13 and have Soares et al. [11] scores of at most 2, so
that recurrent mutations at these sites are not likely to blur a
multiplex analysis. In particular, a reliable recognition of
Native American mtDNA haplogroups in multi-ethnic popu-
lations cannot make do with just five mtDNA coding-region
sites [30].
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As to point (4), one cannot always avoid fast sites, such
as position 3010, which is for instance the only site distin-
guishing haplogroup H1 from H, or worse, position 709
(relevant for the distinction of D4glc from D4gl). Even
the top-most variable nucleotide substitution at position
16519, which is ignored in PhyloTree, can be of use for
particular haplogroups. Enigmatically, this site is very stable
within haplogroup F, where 16519T (with the rCRS nucle-
otide) is virtually fixed in subhaplogroups F3 and F4,
whereas 16519C is characteristic for subhaplogroups F1
and F2, so that it could make sense to employ this in a small
multiplex design [31].

As to point (5), any “new strategy” for the discrimination
of mtDNA haplogroups should really use the most recent
update of PhyloTree and preferably employ additional in-
formation. A scheme solely derived from a truncated and
distorted version of an mtDNA tree that has become obso-
lete (see, e.g., [32]) is of no help for the practicing forensic
geneticist.

Results
Quality control enhanced by haplogrouping

Oversights or misdocumentation, phantom mutations, and
artificial recombination are the main kinds of errors in
mtDNA datasets; for a fine-classification of errors, sece
[33]. When (nearly) the entire mtDNA genome of a sample
is sequenced, then at least with West Eurasian mtDNA
samples haplogrouping is quite pedestrian, so that potential
oversights could be seen immediately. With short stretches
of mtDNA sequences such as HVS-I&II it may be difficult
to distinguish oversights from natural back mutations since
many of the variable sites are mutational hot spots. None-
theless, if several expected mutations were not recorded,
then one can predict incomplete documentation of nucleo-
tide variants. This is the case with the two haplogroup U2el
sequences (VP64 and VP65) from [34]: the former lacks
four expected variants (16051G, 16362C, 73G, and 340T)
and the latter three (16051, 16362C, 217C), which seems to
reflect a reading problem at the beginning and end of the
two sequenced parts rather than the effect of natural back
mutations.

Phantom mutations are still an issue in forensic popula-
tion studies despite the fact that they should be practically
absent if standard sequencing protocols were followed. Pri-
vate or seemingly private mutational variants of a given
mtDNA profile are those variants which are not matched
by the associated haplogroup motif. One could then search
for additional matches in mtDNA profiles belonging to the
targeted haplogroup. Otherwise, rare mutations indicate po-
tential phantom mutations when they are repeatedly

recorded as private variants on the background of different
haplogroups within a population sample set [6]. Notorious
control-region phantom mutations (artificially generated un-
der suboptimal sequencing conditions) have been investi-
gated in [7]. In particular, extension of the C stretch
preceding site 310 typically led to seeming mutations further
down in the 3’ direction at sites 317, 320, 330, 343, 345, etc.
(see Table 5 of [7]). For instance, among 15,195 sequences
recorded in EMPOP Release 6 that cover these sites, there is
not a single instance of 320T. In [11] this variant received
two hits, both coming from the study [35] that had a few
problems with phantom mutations [7]. In the GenBank
entries of complete mtDNA sequences, one additionally
finds this mutation in EF184595 (from the problematic
dataset [36]; see [37]) and in FJ383190 [38] as well as in
HM238198.

Now, in the dataset provided by [34] we are seeing five
samples (VP24, VP45, VP57, VP79, and VP90) of hap-
logroup status RO, J1c2, Tla, HVO0, and U8b, respectively,
for which 320T was recorded. Moreover, in two cases, this
is followed by another unknown transversion variant, 324G
or 328C, respectively, for which the scores in EMPOP and
[11] are all zero. In a study of Japanese mtDNA variation
[39], 320T was recorded seven times on different hap-
logroup backgrounds (B4, B4a, B4blb, B4blb'c, B4f,
D5a2al, and N9a2a). A common cause for phantom muta-
tions in the HVS-II segment is the time-saving approach of
reading only the light strand, which however is not recom-
mended if one wishes to achieve optimum sequence quality
in forensic DNA analysis [40].

Artificial recombination between HVS-I and HVS-II has
haunted large databases as well as single studies since many
years [41-43]. In the Japanese study [39], the classification
of HVS-I&II sequences incorporated the knowledge of the
mtDNA phylogeny at the time. Now, with a deeper knowl-
edge of the mtDNA phylogeny, one can be more specific in
view of Build 13 from PhyloTree. For instance, the HVS-
I&II profile no. 94 (16136C 16183C 16189C 16217C
16284G 73G 146C 199C 202G 207A 263G 315.1C), clas-
sified as B4b1 by the authors of [39], would now best be
traced in PhyloTree. The rare variant 202G (occurring as a
unique event in both PhyloTree and [11]) immediately
points to haplogroup B4blal, and in fact, all other variants
are captured by this classification as well, with no variant
from the profile left unmatched. So, in this case, the profile
exactly constitutes that particular haplogroup motif. How-
ever, confronted with the unclassified sample no. 739
(16189C 16190T 16193.1C 16193.2C 16261T 16362C
73G 146C 199C 202G 207A 263G 309.1C 315.1C), we
would be led to exactly the same haplogroup slot with HVS-
I alone, but the HVS-I part is at odds with this classifica-
tion, as it would need to postulate three back mutations plus
additional mutations. The HVS-I part alone would rather
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point to haplogroup B4a (http://www.ianlogan.co.uk/
sequences_by_group/b4a_genbank sequences.htm). There
is a second case of artificial recombination in [39]. The HVS-
I&II profile no. 92 (16136C 16183C 16189C 16217C 16284G
73G 103A 263G 315.1C) gets allocated to B4blal according
to its HVS-I part, but its HVS-II part is incompatible with this
clear-cut haplogroup allocation and suggests B5b status instead
(e.g., either B5bl or B5b2c; see http://www.ianlogan.co.uk/
sequences_by group/b5 genbank sequences.htm).

As for another instance of artificial recombination from
[34], the recorded profile 16126C 16270T 16294T 16304C
73G 242T 263G 295T 309.1C 315.1C (sample VP61) testifies
to J1bla status when just HVS-II is consulted, but the HVS-I
part is definitely incompatible with this assignment and sug-
gests haplogroup T2b status instead. Further subhaplogroup-
ing is not possible as 16270T is not found among 87 complete
T2b mtDNA sequences drawn from GenBank as listed on Ian
Logan’s Website for haplogroup T2b. Finally, a classic case of
sample crossover has occurred in [44] between two samples
from haplogroup B2 (similar to haplotype LPAZ008) and
haplogroup C1 (similar to haplotype LPAZ080), which has
given rise to the artificial hybrid mtDNA sequences LPAZ092
and LPAZ094; see Table 2.

In conclusion, haplogrouping is an invaluable tool for
narrowing the focus on potential sequencing or documenta-
tion errors. Coarse-grained haplogrouping may be sufficient
for comparison of the mtDNA pools of different geographic
or ethnic populations but not so for forensic databases. For
example, if one wished to investigate the profile 16129A
16180G 16223T 16234T 16288C 16298C 16327T 16518T
16519C 16527T 54A 73G 249del 263G in the sequence
range 16020-300 (drawn from [45]), the obvious assign-
ment to haplogroup C would not be of much help since this
would leave us uninformed about the rare variants 54A and
16518T, which do not occur in the list of Soares et al. [11]
and therefore constitute candidates for scrutinizing. A search
of 16518T in PhyloTree immediately leads to haplogroup
C5c, and Ian Logan’s Website for C5 subsequently provides
us with a near-match (in subhaplogroup C5cl, GenBank
accession FJ951452) of the entire profile with differences
only at positions 16093, 16129, and 16180, all of which are
unsuspicious.

Multiplex haplogrouping

In order to demonstrate the haplogrouping problems via
multiplexing, we reassessed in detail the haplogrouping
performed with the 33 mtSNP typing assay (33-plex)
designed by [46]. The same assay seems to have been used
later in [47] (without reference to [46]). None of the major
West Eurasian superhaplogroups (M, N, and R) were ex-
plicitly targeted by these mtSNPs. As a result, one arrives at
odd default categories, so that a mixed bag of unassigned
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lineages in- and outside haplogroup N arises, misleadingly
referred to as “R”. This in part explains suboptimal results in
the case of the Turkish sample since mtDNA lineages of
ultimate African or East Asian ancestry could not be iden-
tified (apart from some Near-Eastern haplogroups which are
rare in Europe). Moreover, a number of minor basal West
Eurasian haplogroups (such as M1, R1, R2, R0Oa, HV1,
HV2, etc.) were not interrogated. Due to this lack of basal
distinction, some specific lineages outside haplogroup R
would be erroneously allocated to particular R subha-
plogroups because of recurrent mutations occurring at the
selected SNP sites. This is the case with sample mt150%,
where the HVS-I&II variation points to the Southeast Asian
haplogroup Elala. The multiplex analysis of [47] can also
yield misleading results when dealing with haplogroup HV.
Thus, their multiplex design does not distinguish between
subhaplogroups E of M and HV of R, but Elal has 14766C
as a single characteristic variant within haplogroup E, just as
haplogroup HV does within RO. As for point (4) (see
“Methods”), five of the top ten mutational hotspots in the
coding-region (viz. sites 709, 5460, 1719, 13708, and 8251)
were actually selected in [46, 47], among which is the top
hypervariable coding-region site 709. Finally, the single
default category named “R” is too ambiguous because it
embraces most African and Asian mtDNA lineages from
various major haplogroups. Since 709 was chosen as the
single characteristic site for “N2 status” every complete
mtDNA profile with haplogroup defined according to the
decision tree would automatically fall into the category
“N2” whenever it bears the 709 variant and is outside
haplogroups HV, JT, U, and X. For example, most of the
African haplogroup L1b would thus be shunted into “N2”.

As for point (5) (see “Methods”), the decision tree of [46]
and its apparent update in [47] (where “2709” should read
“2706” throughout) as a truncation of Build 8 of PhyloTree
may miss minor haplogroups due to mutations that cause a
primer mismatch for a targeted SNP. Consider, for instance,
the haplogroup U5b2alb sample mt180 (see no. 6 in Table 2),
which was allocated to haplogroup R by the HVS-I&II anal-
ysis [48] and received the status “Not full profile” by the
multiplex analysis [47]. However, the latter analysis shows
that two SNP sites positively supported U and U5 status and
only the information for site 1719 was missing. The latter site
is rather irrelevant for the allocation to haplogroup US. On the
other hand, the failure of the 1719 reaction (i.e., due to a
primer mismatch) in this case even gives a hint as to which
subhaplogroup of U5 can best be searched for near-matches
with the HVS-I&II profile: site 1721 is characteristic for
haplogroup U5b2. In fact, the optimal near-match is found
within a particular subhaplogroup of U5b2.

Now, with more recent updates of PhyloTree, one could
discern more haplogroups than those that were listed in
Table 1 of [47]. For instance, the haplogroup Jlc samples


http://www.ianlogan.co.uk/sequences_by_group/b4a_genbank_sequences.htm
http://www.ianlogan.co.uk/sequences_by_group/b4a_genbank_sequences.htm
http://www.ianlogan.co.uk/sequences_by_group/b5_genbank_sequences.htm
http://www.ianlogan.co.uk/sequences_by_group/b5_genbank_sequences.htm

Int J Legal Med

¥S60LLIA merm) W N eTpd 11va wLN D/¥A A DA o/va R o) [¥9]1 0t
66 P86Y D + S1€ DDD + 60€ €9T €L

055560Nd (reg) avd M avd 74 ‘avd avd s apd ard 61S91 LIT91 D + €6191 68191 DESI9I R o) [t9] 61
0¥ ‘BLA ‘A ‘0AH D+ SIE

900LY €AV BLA ~®/A ‘HCH “®CH ‘TeCH L SA Y & D+ 60€ €97 DS6 €6 €L TL 86T9T €S191 R (o] [to] 81
0¥ ‘BLA ‘A ‘0AH D+6I¢E

900LYEAV BLA (BLA  ‘H ‘TH ‘ecH ‘TeCH LSA G & D+ 60€ €9 DS6 €6 €L TL A86T91 €S191 Ko} [v9l L1
PYTS-€TS $8€ €2€ D + S1€ D + 60€

96£T88AV Te1N MTBIO Tern ‘b1H BTH (A TeIN { SSTE9TTIT €L D+ €6191 68191 DESIII A0 [t9] 91
€IS 687 61€ D + SIE DD + 60¢
S6T €97 9¥T S1T S61 TST 0ST €L

LSI8YErd eleg( ~eregf eleg( ¢ SABZf ¢ 19291 1€291 TTTIT LOTIT SFI9T 69091 R} [+9] <1
PYTS-€TS $8€ €£TE D + S1€ DD + 60€

96£T88AY 1e1N M TRIN 181N ‘bIH BIH {SA eI & S8TE€9T 79T €L D + €6191 68191 DE8I91 A0 [vol  ¥1
qrecers DV + ¥2S L6Y

96¥L6SNA  (I0p0[Y) B1Y ~ opeI ‘S¢H ‘6H "®9IH { SARTY & D+ SIETLT €9 0T TST €L 61591 +TT91 A0 [vol €1
68 79

60TS6Y AV QIf  ~ 19791 +91If L1 788y SA LO][ & D+ SIES6T €9T 681 S8T €L 19791 69091 Re) [v9] 21
qrecers DV + ¥2S L6Y

96¥L6SNA  (I0#0[Y) B3 ~opely ‘S¢H ‘6H "®9IH {saRTY ¢ D+ SI€ €9T ¥0T TST €L 61S91 ¥TT91 Re} [v9l 11
ITAH ‘0TAH D +SIE

¥¥$967ND [e[ezqsn { Te1eT9SN ‘LAH ‘qTeEIH ‘6AH & SA T9¢7T eu €97 0ST €L 0TEIT 11€91 6€T91 98091 Re} [eal o1

D+ SIE €T IV €L VNd

01€0LLN4A e[qzy MEIQTA e[qzy 19231 sA 19T U 6IS9T [1€91 0LT91 $TT91 TTTIT 98091 O 9eIL e 6

€IS 681 61¢€
D+ SIEL+0I€S6T €97 SIT S61 TST VNd

0LT£06ND rereg( M TeTEZL Tereg( BZ[ SA BY[ U 0ST €L 19291 1€291 SHI9T 92191 69091 YD earL Aueg g
qzn ‘ulH D+ SI€ €9T

81¥6L6NH ¢eIH ~ ¢eIH YIH ‘€eTH BIH SA B[H n 91 €L 99291 €1791 29191 15091 II/I-SAH [8y] L

(PV 20 V) 18ZA$N SA Te1D

$¥$9627ND q1ezasn M arezasn qrerqsn {(vnom Wy) [8gqsn s 1ezqsn A D+ SIE€9TTST 0ST €L STEIT 61€91 68191 II/I-SAH [8¥] 9
D+ SIED +60¢

YrS€604d erery Mererg ererg ele[y sa ejey €1 €97 €L 06£91 T9€91 16291 €791 II/I'SAH [8¥] ¢
(vd ‘wnep) D +6I¢
‘0CH ‘P€H €N SA €N (PY D0) D+ 60€ €9T €L 16£91 06£91 9S€91

LSS€604d BZSIN L TSN GeTH ‘qTBCH €N SA eTe[d (V) €N SA €N €T 16791 SLT9T €TT9T 8TT9T 92191 V1191 II/I-SAH 8yl ¢
(°0) Q0IN sA Q0IN D +S$1€£00
(V) B19¢T sA ¢f {(Vnom + 60€ €9T 661 TST 0ST €L 7991

00SOE0NH q0IN M A0IN q0IN ‘PV V) B1qET SA B[qET #«N 86791 V1691 8LT91 €£TTIT TLI9T 69091 0 [z9] ¢
PYTS-€2S O + STE O + 60€
(00) BTN “(VH €9T ¥€T S61 681 VS8I €L TIE9T T11€91

TPSOSOWH BOIN ~20IN BOIN PV VoM ‘YV) TET SA UET Ge6N  L8STII €TT91 60791 68191 DESI9T TLIYI Rfe] [zo] ¢
(00 ‘VA) 0TI SA 0TI PYTS-€TS 68% 91€ D + S1€ €9T P6¥T STT

SOSOSONH 0TI M OTIN 0TI “(PV ‘VIOM TV) €T SA J€T SIN TSI €L TLTIT €TT91 60791 6191 98091 A0 (1ol 1

Juegquon woly ,[06] PFeuewry N@w £q  SonIR U
ordwes pareey [z] OH AT ,[¢s] deinojdey o[TS] [00LONIN  [OH pajeumsy,, sa pajoadxy,, smels DH Qdhordey  eSuey  jorojdwes ‘oN

SaYILds qop\ [enuew pue ‘darnojdeH ‘oo oM ‘IoFeuewry N(Iw ‘uonedrqnd [eurSiio 0} Surpiodoe

uonedyisse[o dnoidojdey yim saouonbas uorgar-jonuod (jented) jo soduesu] g J[qeL

pringer

As



Int J Legal Med

D/bd A D/ SPIRIA 10TeUEBWY N(@IW Uy} ‘0g# 2dAodey ur D) + ¢£6 01 paSueyd ST DD + €LS I,

AQC uonerye dnoidordey s ojduwes ayp £q paurejdxa swsrydriowAjod jo junowre ysiy pue ‘(~) [eonuo juowugisse dnoioydey
“(¢) evep yuotoygnsur o} onp Ajqeqord dfqerjer jou judwusisse dnorSordey :p ~ °; sjoquiks £q 10y pejeusisop) uonesyissero dnorsordey oy 10f LLnods jo sjoas] dary sopraoid dornorder,

sdnoroydey oyroads jo spow payoew Kje3e[dwod s1oaygar (000NN Aq papraoid uonesyisse[d Arewid oy, ,

POXIWPY pF ‘UBIUBIO() 2() ‘UBISY )SBH /7 ‘URISBING ISOM FNay ULV 4ff
:SMO[[0] Se 18 $9p0d uonendod a1aym $)a¥oRIq Punol ur payIoads sased 350y Jo uondaoxa ay) Yim eseuewry N(Iw Aq paispisuod suonendodeisur aAL ay) 10J [eonuapl st snyeys dnoigojdey ayy,

(s)opnosonu pajiosur
3y} £q PAMOI[Of +,, SE PI[EUSIS ST UOILIASUI UE *(P) UOHI[AP € 10 ([, ‘D D V) UOISIOASUEL) B SAJ10ads 10739] B Ss[un suonisue: d1e suonenul [[v “[#] SYDI 3y 03 309dsar yaim paprooa1 axe SUOLEMA

II-SAH PU® [-SAH [I/I-SAH ‘U0I321-[onuod a1muo y,) :o5uel adusnbas pajoday ,

687 9T€ D+ S1E€ D + 60¢€ S6T €9T €T

L9609949 egeg( ~ Bzef egegl U SAYY [e0d  S6T 0ST €L 7991 T1€91 +1791 9ZI91 69091 A0 [t9] o9z
687 D + S1€ €97 P6¥T TST 1ST €L 61591

SIS6EEAY ejejz NelZ €|z ZSAZ BLEN 86T91 09791 ¥TTIT €TTIT SSI91 6T191 ko) [t9] st

96LS91OH  (914H) TAH  ~TST + 9IAH qzH ‘11H ITH IAH SA TTH IAH 11H IAH D+ SIE €9T S61 TST T1€9T L9091 Rie) [t9] ¥T

0Y ‘A ‘0AH

90€S6VAV (1) AH ~0AH ‘H ‘TH “®CH ‘tecH +0AH SA x0AH «0AH D+ SIE £9T 61591 86791 A0 [t9] ¢t
0Y ‘BLA ‘A ‘0AH PPTS-€2S D + SI¢E

900Ly €IV BLA NMBLA  “H ‘TH ®CH ‘TeCH O0AH sA 0AH 0AH D + 60€ £9T DS6 €6 TL 86791 €S191 Rie) [t9] cc
(VH “00) 9LIN sA 9L N (PV 687 D+ STE €97 S8T 9% €L 61S9T 00791

0ZSOSONH LN L OLN LN CVIOM “BVY) D/pA SA BOTN D/yd T9€91 11€91 L6TIT €TT91 TLIIT £6091 ko) [to] 1¢

DDD + €LS 68Y
D+ S1€ €9C €L 61591 T9E9I T1€91 £CT91

JuegquaDn Wolj ,[06] 1eurwy N@IW £ 9[onIR UL
ojdwes pareoy [z] OH AT ,[€5] derpordey p[TS1 T0OTONA ([OH porewnisy,, sa paroadxy,, smers HH Ldhodeyy  25uey  jor opdweg oN

(ponunuos) g ayqex,

pringer

Qs



Int J Legal Med

mt183 was allocated to J on the basis of the HVS-I&II but
received status “Hg not defined” (because the presence of
the rCRS-variant at site 2706) according to the multiplex
analysis [47]. However, PhyloTree highlights the recurrent
mutation at site 2706 in the definition of haplogroup J1c3c.
Therefore, the SNP analysis is consistent with the HVS-1&II
haplotype and in conjunction now yields this finer
classification.

For the Danish sample, haplogroup assignments based on
HVS-I&II [48] was poorly contrasted with the multiplex
analysis [47]. The use of the same sample numbering/codes
permits the reader to combine the results from the three
studies [46—48]. In some cases, the multiplex analysis of
[47] would support the haplogroup allocation obtained from
PhyloTree. For instance, consider sample mt098 (no. 7 in
Table 2) which bears the motif 73G 16051G 16163G char-
acteristic of haplogroup Hl1a3: in fact, the multiplex analysis
correctly identifies this sample as belonging to H1, so that
an initial guess of haplogroup status “U2” on the basis of
HVS-I/II can firmly be rejected.

A particularly interesting case in this regard constitutes
the outlier sample mt055* from [48] which received the
status “Hg not defined” in [47]. In fact, the HVS-I&II
profile points to haplogroup M52a (of North Indian and
Nepalese provenance) in view of the presence of transitions
16275G and 16390A (despite the lack of 16327A). The first
hint at this unexpected allocation comes from the rare tran-
sition at site 16275 (with Soares et al., score 1), which
occurs only once in PhyloTree Build 13, viz. as one of the
three control-region mutations defining M52a. A Google
search with “A16275G PhyloTree” provides (via lan
Logan’s Website) two additional GenBank sequences that
can be allocated to other haplogroups (W1f and Glala,
respectively). A further search with “16275G mtDNA”
points to Family Tree DNA (FTDNA) control-region pro-
files from haplogroup T2b and from haplogroup M52b
(matching the complete mtDNA sequence with Genbank
accession number FJ383488). More interestingly, the latter
Google search also directs one to the Release history for
EMPOP 2, where the user gets informed that the sequence
information for the Danish sample has been expanded to the
entire control-region, so that the variants 16519C 489C
573.1C 573.2C 573.3C 573.4C 573.5C 573.6C come on
top of the HVS-I&II profile. This is in line with haplogroup
status M and covers also the insertion of three cytosines at
site 573, which is characteristic of haplogroup M52a. An
EMPOP query for the two variants 16275G and 16390A
together, however, yields yet another hit with a forensic
sample from Thailand, which was previously published by
[49] and has haplogroup R9bl1b status. The partial profile
16223T 16275G 16390A 489C 573.1C 573.2C 573.3C is
distinctive enough to guarantee M52a status, although this
entails that the definition of M52a may need some

modification in the future by not necessarily requiring
16327A, for example. If one would yet be in slight doubt
about this haplogroup allocation, one could of course con-
sult the coding-region. The study [47] has actually done
that: one of the two characteristic sites of the larger hap-
logroup M52'58 is 5460, which is exactly the site that gave
rise to the status “Hg not defined” in [47].

Automated haplogrouping

The Web-tool mtDNAmanager [50] is supposed to deliver
for any partial (HVS-I/HVS-II/HVS-III) or entire control-
region sequence two kinds of haplogroup status: “expected”
and “estimated”. Any discrepancy between expected and
estimated status is supposed to be regarded as dubious,
warranting some verification by the user (if possible). The
exact processes by which these inferences are made are just
vaguely indicated in the accompanying article [50]. There-
fore the implemented algorithm can only be treated as a
black box, for which some features might be uncovered
through some series of focused tests. To this end we took
some published entire control-region sequences and modi-
fied some of them by single changes.

To begin with, consider the haplogroup J2alal sequence
no. 15 of Table 2. This haplogroup, as well as its nested
superhaplogroups J2ala and J2al, are all unknown to
mtDNAmanager, although each of them has diagnostic
control-region sites and J2alal has essentially been in place
since PhyloTree Build 3 (1 March 2009). Thus, when the
entire control-region is offered as input, then “J2a” is
returned for both expected and estimated haplogroup.
Now, if one removes the variant nucleotide at 152, then
“J2a” versus “J2” will be the answer to the corresponding
query, and if one drops 150 instead, then “J2a” versus “J”
will be returned. Finally, if just 295 is removed, then “J2a”
versus no haplogroup status proposed (to be interpreted as
“?”) will be the output. This shows that the “estimated
haplogroup” status does not tolerate single back mutations
at any of the diagnostic sites listed in the protocol of
mtDNAmanager; note also that in this particular example,
the mentioned transitions are mutational hotspots, so spo-
radic reversions may not be infrequent within these hap-
logroups. If this feature was properly understood by the user
in a laboratory, then the analyst could go back to the electro-
pherograms and check. But if everything appeared to be
correct in any of these hypothetical cases, then the only
reasonable output would be J2alal in view of the wealth
of mutations left that signalize this quite specific haplogroup
status.

The strict requirement handled by mtDNAmanager that
all variants from a perceived haplogroup motif must be
present can be quite misleading. In particular, PhyloTree
itself or the listing of all complete mtDNA sequences from
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GenBank (see Ian Logan’s Website) falling into a particular ;%D @ ) £
subhaplogroup may clearly demonstrate the reversal of §E~ ) )
some basal nucleotide variant (relative to rCRS) or the é)’ @ ~ @ R g
parallel gain of 73G which is apparently given a special 8 g é@“ E Lt = L ~ = 3
treatment by mtDNAmanager. For example, haplogroup 21 &S = é ~ § & § 5
V7a bears the HVS-I&II motif 16153A 16298C 72C 93G 2 o :g
263G (and 309.1C 315.1C). The sequences nos. 17, 18, and § é < 3
22 of Table 2 are therefore clearly members of this hap- EX . ) = < = gﬁ
logroup but are partially left unclassified by mtDNAman- é £ = = E,Eﬁ & g
ager (Table 2). Moreover, the variant 95C also present in = g = = g E% E'.f = § 8
these three sequences is confirmed to occur in some hap- : 5 [§ § > '25;5 g5 & 5
logroup V7a member (GenBank accession number g T £ = N"‘Ev IEE T = §
AF347006). 2| 57|z gEg =22 2 |2
The next test case is a haplogroup K2bla sequence (no. 9 z | . %
in Table 2). This haplogroup has also been present in Phy- § ::g "%
loTree since Build 3, but mtDNAmanager recognizes only E_g g e
the next superhaplogroup K2b1l. Now, if one queries only ﬁa & = g
the HVS-I part (or together with the HVS-III part which &l > é 0 E 5@ = Qg
does not contain any variant here), then expected and esti- g :?é E > E & ﬁ £ O E
mated haplogroup differ: “K2b1” versus “U5 K”. Although g go E ° E f ; T§ _‘.:f :E
the variant 16270T is diagnostic for haplogroup U3, its 5 AE|C 2 B 5 23 03 =
parallel presence within haplogroup K2b is well confirmed § — = 2 % 5’
(giving rise to K2b1) and the additional mutation (16222T o % - o _%S s 7 57
for K2bla) renders the assignment K2b1 quite reliable. "§ E LX) 3 = & % S m § £
It is also instructive to see how mtDNAmanager deals g 5 =2 = é ; é a - % f
with obvious instances of artificial recombination. First, the g = e g i
SWGDAM database [51] curated by the FBI has never been ‘§ Soan © 3 © [3: B -
fully revised and still contains two very clear cases of hybrid L‘é A¥L o o &) § 52 2 %
profiles; see entries nos. 1 and 2 of Table 3. The SWGDAM 5 3 i) S 3 Famo e
profiles were added to the reference data on which mtDNA- % § = § § § 2 E § L+) L+) E %D
manager operates. Table 3 also includes a few other instan- E‘J ; § 8 80 § @) % 8 § % § § § é
ces we have found in the recent forensic datasets (see above & 5 ) - 2 S n%aS 8=Q § :
and Supplementary File 1). In no case mtDNAmanager gave = % @ < @ - E - 5 @ 5 5 a S z E
a warning about the hybrid status of these artificial recombi- ﬁ o % &
nants, essentially because no precautions were taken to 8 - 5 -« X § £
contrast the haplogroup predictions from the separate seg- 2 I @ = & g £s
ments HVS-I and HVS-II. And in no case were the two = €= g E Q § E
different haplogroup sources identified. In one case (no. 5) '§ § e § O 3 € g E
“expected” and “estimated” haplogroup status even coincid- % S . = Er) o & < i ;”
ed, so that the user would not be alerted at all. This shows £ % % § 2 g E § % % <
that mtDNAmanager is unhelpful for discovering clear £ = OE £ 2 0 8 58
instances of artificial recombination. < § < § % % % E % E :g
In summary, (1) mtDNAmanager works with a restricted § i E ,; o f f 2 =g 5 2 §
and not properly updated list of haplogroup motifs, (2) €12 = © a z =z @k S EE_“B
variants are not weighted according to their mutability but 3 = T g é
instead according to polymorphism counts (in a cryptic < Z @ £3
fashion), (3) the distinction between “expected” and “estimat- E 38 5 5 % <
ed” haplogroup is not well justified and can rather mislead the E § § § T T £
average user, (4) mtDNAmanager does not incorporate the S a Z ; = < = g é
information that can be drawn from the complete mtDNA !:F:' P % S5 2 2 &5 % ér § %
sequences stored in GenBank, (5) it handles ambiguous : § 3 § E E % E E é =
“meta-population” categories (e.g., “Admixed groups” includes = m S § @
Dubaians, Egyptians, “Hispanics”, Northern Africans, and gl 2 — & o+ wno o~ ? Qé
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Venezuelans) which can misdirect otherwise clear-cut hap-
logroup allocation, and (6) does not shield against serious errors
in the employed reference database or input sequences.

The MitoTool software [52] has a wider scope than
mtDNAmanager since it provides several applications of
interest in the biomedical field and it allows dealing with
entire genomes (not merely control-region segments). Here,
we only consider the module that allows for haplogroup
classification. The strategy followed by this web interface
application seems to be based on a score system that takes
into account the number of exact matches between the tested
profile and the diagnostic variants that define the different
haplogroups of the worldwide phylogeny, in a similar way
as mtDNAmanager does, but here too the user is not in-
formed about the exact optimality criterion. The classifica-
tion tool performs substantially better than mtDNAmanager
as can be concluded from the results of Table 2. However,
like mtDNAmanager, the procedure implemented in Mito-
Tool does not allow any detection of signals of artificial
recombinants (Table 3).

Recently, a more sophisticated tool for automated haplo-
grouping has been proposed [53]: HaploGrep allows for the
classification of mtDNA segments of any length into hap-
logroups using the current build of PhyloTree as the refer-
ence classification tree and an algorithm that involves the
weighting of diagnostic sites according to their relative
positional mutation rates. The weighting scheme employs
a simple linear-affine scaling of the absolute number of
occurrences of a particular mutation in the current build of
PhyloTree. For example, given that the maximum score of a
mutation recorded in PhyloTree Build 13 equals 139, all
(and only those) mutations that occur in Build 13 get
weighted by 140 minus their respective numbers of occur-
rences. Thus the top mutation has weight 140—139=1,
whereas the next hotspot mutation has weight 140—89=
51. A factor of 51 however does not properly reflect the
relative likelihoods of these two hotspot mutations. At the
other extreme, the difference in weights (139 versus 134)
between a mutation recorded only once in Build 13 and a
medium-frequent control-region mutation with PhyloTree
score 0, say, is far too small in order to have discriminative
power.

Table 2 includes the results of HaploGrep (using Build 13
of Phylotree) for the same test haplotypes used for mtDNA-
manager and MitoTool. A total of 19 out of the 26 test
samples (73 %) from this table were classified as one could
achieve by using PhyloTree and scanning individual com-
plete mtDNA sequences manually. An interesting feature of
HaploGrep is that it implements a system that alerts the user
about the performance of the haplogroup classification,
indicating for instance that the haplogroup assignment
might not be reliable probably due to insufficient data, or
that the haplogroup assignment was uncertain. HaploGrep

however has not been designed to detect artificial recombi-
nants; nonetheless, it seems to perform better than mtDNA-
manager or MitoTool in the sense that HaploGrep detects at
least in some instances the major component of the artificial
mixture. In these cases however, the user is not alerted about
the presence of artificial recombination. For instance, the
first case sample #1 in Table 3 is a recombinant L1b x Cl1,
while HaploGrep (Build 13) indicates a haplogroup M31al
status.

Given that HaploGrep performs better than other avail-
able bioinformatics tools for haplogrouping, it is worth to
investigate it more deeply. By way of examples (see Tables 2
and 3), we evaluate the algorithm implemented in Haplo-
Grep. From the parsimony point of view, the mismatch
distance between a sample sequence and a haplogroup motif
would be relevant; whereby a moderate scaling relative to
the phylogenetic position of a haplogroup and the number of
seemingly private mutations in the sample may not be
unreasonable. However, in HaploGrep, the phylogenetic
position of a haplogroup is measured by the distance to a
particular extant (contemporary) mtDNA sequence, viz. the
rCRS. As a consequence, the drop from a 100 % rank for
perfect haplogroup allocation to the rank for a slightly
imperfect allocation can be quite drastic for sample sequen-
ces phylogenetically close to the rCRS but very minor for
African haplogroup LO mtDNA sequences. To illustrate this
reference-associated bias, we have selected six peripheral
haplogroups from the mtDNA phylogeny, each character-
ized by exactly two control-region mutations. We have then
deleted exactly one of the two characteristic variants, first
the one with the higher mutational score and then the other
one. The deletion of one variant had no or very little effect
on the haplogroup assignment returned by HaploGrep
(Build 13) but a considerable effect on ranks (alias quality
scores) of the HV subhaplogroups in contrast to the LO and
L1 subhaplogroups; see Table 4. A similar effect is caused
by the addition of a private variant (16303A), which occurs
in Build 13 exactly once, namely in the motif of the Aus-
tralian haplogroup O1. However, the addition of a variant
(e.g., 16307G) that is not recorded in PhyloTree has no
effect as such mutations are generally ignored in HaploGrep
(data not shown).

Apart from the examples given in Tables 2 and 3, one can
also test how the software implemented in HaploGrep
behaves when dealing with more ambiguous profiles. For
instance, if one tries to classify the profile 16093C (se-
quence range: 16024 to 16400), which could perfectly fit
within, e.g., haplogroup H or many other closely related
haplogroups, it is classified by HaploGrep (Build 13) in
the first place as belonging to the South Asian haplogroup
“R8al+16093” or equally probable as R8alb, both with
quality rank 100 %. One can indeed find profiles 16093C
16519C in India (recall that the variation at 16519 is
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Table 4 Quality scores (ranks)

of haplogroup assignment in Profile with

Length of HG

Loss of one motif mutation Gain (and loss) of mutation

HaploGrep [53] for modified HG motif motif string®
haplogroup control-region Variant Rank Variant(s) Rank
motifs
H1b 4 +16356! 90.1 +16303 86.9
+16362! 90.9 +16362! +16303 75.8
HV12a 3 +16220C! 82.8 +16303 87.2
+16292! 84.2 +16292! +16303 67.5
RoOala2 9 +95C! 93.7 +16303 94.1
+93! 94.0 +93! +16303 87.4
Nilbld 10 +188! 94.0 +16303 94.5
+185! 94.4 +185! +16303 88.3
L3f1b2 10 +16266A! 95.0 +16303 94.7
+16172! 95.6 +16172! +16303 89.9
L2bla 17 +16355! 98.4 +16303 96.5
+146!! 98.5 + 146! +16303 95.2
Liblal 20 +264! 97.0 +16303 97.0
+16215! 97.0 +16215! +16303 94.0
*Relative to the rCRS according LOalc 20 +16287! +1612 98.1 +16303 97.1
to PhyloTree Build 13 9N 98.2 +16129!! / +16303 95.5

(see Supplementary File 2)

disregarded in PhyloTree and hence in HaploGrep), but 24
out of 3+29 matches of either profile 16093C or 16093C
16519C in the EMPOP database are from West Eurasia and
therefore not belonging to haplogroup R8. Since 16093 is a
mutational hotspot one avoids the formal erection of sub-
haplogroup status within haplogroups HV or H or H1 etc. on
the basis of this mutation alone, so that 16093 is usually
recorded only as a co-motif mutation which cannot stand by
its own. In fact, in no case is 16093 the single motif muta-
tion of a named haplogroup in PhyloTree; quite often it is
not even clear whether 16093 is part of the motif as indi-
cated by the bracketed notation “(16093)”. For this reason,
R8al + 16093 cannot be regarded as a haplogroup; the
mtDNA sequence(s) allocated to this point of the mtDNA
phylogeny would still await characterization of a subha-
plogroup; it is then not clear a priori whether or not
16093C will enter the corresponding motifs (as 16093C
appears on virtually all haplogroup backgrounds). A
100 % match with a motif can therefore not be interpreted
as a successful classification of high quality without further
considerations.

The classification tasks that are most difficult (if not
frustrating) are (partial) control-region profiles nearly iden-
tical to the ancestral (partial) control-region profile of a
haplogroup which has dozens of subhaplogroups without
characteristic mutation in that segment. In these cases, one
would definitely need some coding-region information for
any successful haplogroup allocation. For instance, the an-
cestral motif of haplogroup L3 has only rCRS-variant
16223T within the (HVS-I) range 16024—16400 and this
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motif was retained in the descendant haplogroups M and
N. In fact, there are several subhaplogroups of the latter ones
with the same ancestral motif. If no extra mutations were
observed in a sample sequence, then classification would
become a lottery, whether automated or not. The same is
true for the two descendant motifs 16223T 16362C (match-
ing, e.g., haplogroups D, G, M6, and M9) and the rCRS
profile (matching haplogroups R, HV, H, etc.) within that
HVS-I range. When these three ancestral motifs are entered
into HaploGrep, then huge lists of potential haplogroups are
returned for 16223T and 16223T 16362C, but the empty
input motif in the case of the rCRS is rejected, although this
real sequence is found 956 times among 13467 sequences in
EMPOP. In the case of input sequences without any scored
variant, rank calculations are infeasible or meaningless be-
cause of the problem of denominator zero in the formula
employed by HaploGrep.

A general problem with most (if not all) approaches to
automated haplogroup assignment is the restriction to the
current build of PhyloTree, so that the closely related com-
plete mtDNA sequences that are allocated to a specific
haplogroup do not get screened one by one for additionally
matched variants, which would strengthen the proposed
haplogroup assignment. That is, the near-matching strategy
(see, e.g., [54]) is in general not employed with automated
approaches. For instance, the incorrect assignment of sam-
ple no. 10 of Table 2 to haplogroup U5b2ala2 by Haplo-
Grep (Build 13) is due to the conflicting signals at the two
hypervariable sites 16192 and 16311 in the sample for
subclassification within the larger haplogroup USb2ala.
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Scanning the dozen complete mtDNA sequences from
USb2ala stored in GenBank and conveniently displayed on
the U5b2 Website of Ian Logan reveals a perfect match with
the control-region profile of a member of U5b2alal (Gen-
Bank accession number GU296544), thus solving the issue.

A semi-automated approach is not per se a guarantee for
achieving an appropriate haplogroup allocation, especially
when the initial algorithm sorts mtDNA samples belonging
to single minor haplogroup into distinct slots. This might
have happened, for example, to the three haplogroup R2
members in the dataset of [55], which were differently
labeled as “R”, “R0”, and “R2”, despite the fact that the
characteristic haplogroup R2 variant 16071T has score 1 in
both Soares et al. [11] and Build 13 of PhyloTree (and is
additionally accompanied by the hotspot variant 152C). The
coarse haplogrouping of several haplogroup J2a2a samples
to “J” and one haplogroup L3hla2a sample to “L3” also
indicates that the manual search strategies were possibly not
yet sufficiently elaborate.

Conclusions

For a non-expert or a novice in mtDNA analysis, it may be
tempting to employ automated tools for haplogroup assign-
ment as an all-in-one solution without carrying out addition-
al analyses. None of the tools tested in the present study are
free of shortcomings in design and scope. In the case of
mtDNAmanager, the classification is based on an algorithm
that was not published in detail and whose performance is
very poor. There is no justification for using this software as
it returns results that are clearly misleading. MitoTool per-
forms better than mtDNAmanager but worse than Haplo-
Grep; in contrast to mtDNAmanager, MitoTool can run
complete mtDNA genomes. When entire genomes are used
in MitoTool instead of partial control-region sequences, the
classification algorithm performs better. The more sophisti-
cated algorithm of HaploGrep performs reasonably well
with a number of control-region profiles but it is currently
not exempt of problems because it delivers haplogrouping
ranks as quality scores that show a strong bias against
sequences phylogenetically close to the rCRS.

Therefore, given the in part questionable performance of
present algorithms for haplogroup classification when using
difficult short-segment profiles, one cannot yet recommend
automated classification as the single strategy for sorting
partial mtDNA sequences; instead, for the time being, a
combined automated and manual approach is more success-
ful. A general drawback of most implemented classification
tools is the restriction to matching haplogroup motifs in one
way or the other. An alternative could be a formal near-
matching strategy operating on a large database of allocated
partial mtDNA sequences. For HVS-I sequences this has

been realized within the Genographic Project but is limited
by insufficient information content of the short HVS-I re-
gion and a far too coarse haplogroup scheme [5]. A combi-
nation of both approaches that incorporates reconstructed
ancestral mtDNA sequences (haplogroup motif sequences)
together with near-matching to a reliable expanded database
would be desirable.

In any case, the user should go through PhyloTree and Ian
Logan’s Web pages manually and check if the haplogroup
status delivered by an automated software or some initial
manual sorting is plausible. Although there may be some dis-
cussion about the way how branching patterns are being rear-
ranged and haplogroups renamed in PhyloTree, this resource
serves as the gold standard to which any attempts of haplo-
grouping are to be compared. Although the large database of
published complete sequences is not totally error-free, the most
problematic datasets have been disregarded by PhyloTree [56,
57]. If necessary, single dubious sequences in otherwise un-
problematic datasets can be excluded for the near-matching
search [37]. Any missing mutations or hybrid motifs can be
highlighted with the help of this classification tree and the
strategies outlined in [10, 58].

The main difficulty is then to decide whether an alloca-
tion of the given sequence to some branch of the mtDNA
tree is either sufficiently convincing or somewhat ambigu-
ous or infeasible as some novel haplogroup may be involved
which has not yet been described. A fully automated hap-
logroup allocation could hardly map expert knowledge into
simple rules in an adequate way, given the fact that available
mtDNA databases, though constantly expanding, just pro-
vide a portion of all published mtDNA variation, which
anyway constitutes only a micro-extract of the real-world
mtDNA variation. Nonetheless, expert knowledge should
gradually evolve into guided semi-automated expert sys-
tems that will assist the user in exploring complete mtDNA
databases more skillfully and evaluating the phylogenetic
position of given partial mtDNA sequences more
thoroughly.

The forensic geneticist should check if all the diagnostic
variants of a targeted haplogroup are present in the sequence
(as highlighted in the output of HaploGrep) that is being
classified; if some are but others are not, one should either
reconsider the haplogroup allocation (in the case that the
positive evidence was weak) or go back to the raw data
(electropherograms) and check if these variants are actually
present or were omitted by mistake or wrongly documented.
If more than one diagnostic mutation is absent, even when
the electropherograms are apparently correct, one should
also suspect a mistake at some step of the analysis. For
instance, artificial recombination cannot be detected by just
inspecting the original electropherograms, because the cause
of the error could be sample mix-up that occurred before the
sequencing stage [8]. If two different segments of the profile
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(such as HVS-I and HVS-II) are allocated to different parts
of the phylogeny, then artificial recombination has most
likely occurred [42, 43], and therefore, re-analysis of the
sample from the very beginning (DNA extraction) with
forward and reverse sequencing is mandatory. Separate
and non-overlapping sequencing of HVS-I and HVS-II is
prone to sample mixing which results in hybrid profiles, as
is again testified by our re-analysis of two forensic studies.
Therefore such a sequencing scheme should be avoided in
forensic casework [9]. The incidence of artificial recombi-
nation could be reduced by analyzing the same sample
independently by two analysts, and also by using a posteri-
ori phylogenetic monitoring as explained above.

Haplogrouping in the forensic context thus serves
two goals. First, it enables the forensic scientist to
extrapolate from the control-region motif to the
expected coding-region motif which, if necessary, could
be tested site by site for verification. Therefore, it
enables wider comparisons with other closely related
sequences, for which more coding-region information
is available. Second, but perhaps most importantly for
the average forensic laboratory, haplogrouping serves as
an element of an a posteriori quality control. In partic-
ular, it assists in highlighting private mutations, among
which phantom mutations would accumulate and there-
by could come into focus for re-inspection. Even a
single minor error can have important consequences
for database searches or for the comparison of mtDNA
profiles coming from evidentiary samples and a suspect.
Laboratories should not ignore haplogrouping as a tool
that can eventually help avoiding wrong decisions in
court.

Two recent editorials [59, 60] in the International
Journal of Legal Medicine and Forensic Science Inter-
national Genetics have set guidelines for future submis-
sion of papers with mtDNA population data. These rules
are important to guarantee a minimum level of quality. Our
reassessment of studies in low-rank forensic journals stresses
that the notorious errors, which could easily be avoided, are
committed over and over again. Unfortunately, in neither
editorial in these journals was the importance of haplogroup-
ing stressed. This may also reflect the fact that only a minority
of articles from these (and other forensic) journals have ex-
plicitly cited PhyloTree in the past 4 years.
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