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Abstract In forensic science, as well as in molecular
anthropology and medical genetics, human mitochondrial
DNA (mtDNA) variation is being recorded by aligning
mtDNA sequences to the revised Cambridge reference
sequence (rCRS). This task is straightforward for the vast
majority of nucleotide positions but appears to be difficult
for some short sequence stretches, namely, in regions
displaying length variation. Earlier guidelines for imposing
a unique alignment relied on binary alignment to a standard
sequence (the rCRS) and used additional priority rules for
resolving ambiguities. It turns out, however, that these rules
have not been applied rigorously and led to inconsistent
nomenclature. There is no way to adapt the priority rules in
a reasonable way because binary alignment to a standard
sequence is bound to produce artificial alignments that may
place sequences separated by a single mutation at mismatch
distance larger than 1. To remedy the situation, we propose
a phylogenetic approach for multiple alignment and result-
ing notation.
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Introduction

The notation of mitochondrial DNA (mtDNA) variation is
reported by reference to the revised Cambridge reference
sequence (rCRS; [2]), which is the corrected version of the
first fully sequenced mtDNA genome [1]. The forensic
community adopted this convention accompanied by guide-
lines to standardize the mtDNA reporting process [4, 9, 23],
in particular by providing general rules for sequence
alignment. In a number of cases, however, specifically in
the vicinity of the polycytosine stretches of the mtDNA
control region, more than one alignment is often conceiv-
able. Therefore, Wilson et al. [24, 25] attempted to
standardize nomenclature in length variant regions by
introducing formal rules for most parsimonious sequence
alignment with respect to the rCRS, which were in principle
then applied to the SWGDAM mtDNA database [17].

The increasing body of population data that became
available in the past few years improved our understanding
of the worldwide mitochondrial phylogeny and revealed
that the application of the formal alignment rules could
sometimes result in disputable assignments of haplotypes.
In this study, we discuss the shortcomings of the Wilson et
al. rules and propose a phylogenetic approach to the
alignment of mtDNA sequences.

Alignment and nomenclature

In general, the alignment of human mtDNA sequences does
not pose serious problems except for the vicinity of
polycytosine or dinucleotide tracts that are both prone to
considerable length heteroplasmy. Occasionally, however,
one faces some real obstacles for unique alignment in some
short sequence stretches due to multiple mutations.
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To illustrate the difficulties with the alignment in the
vicinity of polycytosine tracts, suppose we observe
ATCCCCCCCCCCA in some samples where the rCRS
shows ACCCCCCA (region 567–574). Most parsimoni-
ously, this new variant would have to be scored relative to
the rCRS as 567.1T 573.1C 573.2C 573.3C 573.4C, but
alternatively, one could also consider scoring it less
parsimoniously as 568T 573.1C 573.2C 573.3C 573.4C
573.5C. There is no reason a priori to reject the latter way
of scoring for which actually two circumstances come in
support: first, a transition at 568 without subsequent
insertions of C has already been observed (e.g., in sample
USA.AFR.000555 from the SWGDAM database), but no
instance with a T insertion after position 567; second, and
more importantly, insertions of C (ranging from 1 to 6) are
abundant in this C tract.

Much more frequently, one is confronted with the
obstacle that compound mutations generating a long C
tract in HVS-I or HVS-II and transforming it further cannot
be reconstructed in a unique way even if one strictly
followed (unweighted) parsimony. To address this inherent
ambiguity of the local alignment, Wilson et al. [24, 25]
have attempted to establish formal rules for choosing one
and only one alignment and thereby to standardize the
notation for mtDNA sequences. To achieve this, they
exclusively used binary alignment of every individual
sequence to the reference sequence (rCRS) by employing
parsimony and additional priority rules to break ties.

Formal alignment

The general recommendations by Wilson et al. [24, 25] are
spelled out as the following three formal rules:

(Rule 1) Sequences should be aligned so that the least
number of differences from the rCRS is present.

(Rule 2) If there is more than one way to maintain the
same number of differences with respect to the
rCRS, differences should be prioritized as
follows: insertions/deletions (indels) → transi-
tions → transversions.

(Rule 3) Indels should be placed 3′ with respect to the
light strand and should be combined when the
same number of differences to the rCRS is
maintained.

To illustrate the effect of Rule 2 on the alignment of
mtDNA sequences outside length variants, consider an HVS-
II sequence that has inverted the nucleotide pair CT at
positions 151–152 of the rCRS to TC. The normal alignment
scores this as two transitions, 151T & 152C. However, the
same number of two differences to rCRS is obtained when a
deletion and an insertion are imposed instead, expressed as

151d (=151del) & 152.1C. Because by Rule 2 indels are
preferred over transitions, the latter alignment would then be
the recommended one. Such a recommendation in this case
has obviously never been intended, let alone, followed—see
USA.CAU.000088 as an example (Table 1).

A necessary assumption seems to be that the rules should
only be applied under specific conditions, such as to length
variants or polycytosine tracts, as may be illustrated with
the following example. The inversion of CT at 16188–
16189 to TC changes the lengths of the short C tracts
surrounding position 16189 and would therefore be scored
as 16188d & 16193.1C if one followed Rule 2. However,
the standard notation adhered to in population genetics
would be 16188T & 16189C in this case.

The phylogenetic information can provide us with a clue
about which of the alternative alignments would be natural in
such cases. For instance, sample CHN.ASN.000169 is a
member of haplogroup M13a [14]. The ancestral motif of
haplogroup M13 is assumed to bear 16188T but not 16189C,
whereas 16189C is characteristic of the subhaplogroup
M13a (according to Kong et al. [14]). Thus, the standard
alignment appears to be supported phylogenetically (at least,
given the present information). Another temporal order of
mutations at 16188–16189 may be manifest in CHN.
ASN.000303, which clearly belongs to haplogroup D5a2
(see Table 1; compare with related mtDNA sequences from
Kong et al. [13] and Tanaka et al. [22]). The 16189C variant
in this mtDNA is inherited from the ancestral haplotype of
haplogroup D5, whereas 16188T is a private variant that
came on top of the variants shared by the haplogroup D5a2
lineages. This suggests the usual scoring 16188T & 16189C
instead of the interpretation 16188d & 16193.1C. In terms of
the latter alignment, the comparison of CHN.ASN.000303
with other haplogroup D5a2 lineages having an uninterrupt-
ed long C tract (such as KOR.ASN.000131) would yield
three differences (16188d & 16193.1C vs 16189C) although
only a single change (16188T) would separate the two
lineages within 16184–16193 (Table 2). Relying on the
formal alignment rules, a forensic comparison would
erroneously report three differences in such a case although
only a single change in the C tract has taken place in
otherwise identical sequences.

The effect of a “jumping” alignment as a consequence of
Rules 1–3 can also be observed in mtDNA lineages that bear
a C tract ranging from 16184 to 16191, which is then long
enough to be subject to length variation. This can be found in
the members of the Koryak/Inuit/Athabaskan branch of
haplogroup A2 [20]; a typical example is the Navajo sample
USA.154.000031 (Table 1; see also the work of Budowle et
al. [8]). Another sample, USA.154.000067, nearly matches
the former in HVS-I: the only difference is a C tract longer
by one nucleotide. Yet, the alignment obeying the three
rules jumps and thus creates a seeming difference of two
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Table 1 Contrasting phylogenetic and formal binary alignments

Sample information Alignments

SWGDAM Haplo-
group

Phylogenetic Formal rules 1–3

USA.
CAU.000088

T2 16126C 16189C 16294T 16296T 73G 151T 152C
263G 315.1C (SWGDAM)

16126C 16189C 16294T 16296T 73G 151d 152.1C
263G 315.1C

USA.
CAU.000642

T2 16126C 16188T 16189C 16278T 16294T 16296T
73G 263G 309.1C 315.1C (SWGDAM)

16126C 16188d 16193.1C 16278T 16294T 16296T
73G 263G 309.1C 315.1C

CHN.
ASN.000303

D5a2 16092C 16164G 16172C 16182C 16183T 16188T
16189C 16223T 16260T 16266T 16362C 73G 150T
263G 315.1C 489C 523d 524d (SWGDAM)

16092C 16164G 16172C 16182C 16183T 16188d
16193.1C 16223T 16260T 16266T 16362C 73G 150T
263G 315.1C 489C 523d 524d

KOR.
ASN.000131

D5a2 16092C 16164G 16172C 16182C 16183C 16189C 16223T 16266T 16362C 73G 150T 263G 309.1C 315.1C
(SWGDAM)

CHN.

ASN.000169

M13a 16145A 16148T 16188T 16189C 16223T 16381C

73G 152C 263G 309.1C 315.1C 489C 527N

16145A 16148T 16188d 16193.1C 16223T 16381C

73G 152C 263G 309.1C 315.1C 489C 527N
(SWGDAM)

USA.
CAU.001450

T1b 16126C 16163G 16184A 16189C 16243C 16294T
16519C 73G 263G 315.1C (SWGDAM)

16126C 16163G 16183.1A 16189d 16243C 16294T
16519C 73G 263G 315.1C

USA.
CAU.000155

T1a 16126C 16163G 16186T 16189C 16193d 16294T
73G 263G 309.1C 315.1C (SWGDAM)

16126C 16163G 16186T 16189d 16294T 73G 263G
309.1C 315.1C

USA.
HIS.000328

T1a 16126C 16163G 16186T 16189C 16193d 16294T
16519C 73G 263G 309.1C 315.1C

16126C 16163G 16186T 16189d 16294T 16519C
73G 263G 309.1C 315.1C (SWGDAM)

THA.
ASN.000057

B4c2 16147T 16183C 16184A 16189C 16217C 16235G
16294T 16519C 73G 263G 309.1C 309.2C 315.1C

523d 524d (SWGDAM)

16147T 16182.1C 16189d 16217C 16235G 16294T
16519C 73G 263G 309.1C 309.2C 315.1C 523d 524d

SKE.
AFR.000050

L3e2b 16172C 16184N 16189C 16223T 73G 150T 195C 263G 309.1C 315.1C (SWGDAM)

CHN.
ASN.000072

D5c 16189C 16190T 16193.1C 16193.2C 16362C 16390A
16519C 73G 146C 150T 151T 152C 182T 217C 263G
295N 309.1C 309.2C 315.1C 489C

16188.1C 16193.1C 16362C 16390A 16519C 73G
146C 150T 151d 152.1C 182T 217C 263G 295N
309.1C 309.2C 315.1C 489C

KOR.
ASN.000057

D5c 16093C 16189C 16190T 16193.1C 16193.2C 16362C
73G 146C 150T 151T 152C 182T 217C 263G 315.1C

16093C 16188.1C 16193.1C 16362C 73G 146C 150T
151d 152.1C 182T 217C 263G 315.1C

USA.
HIS.000509

B2 16183C 16189C 16190T 16193.1C 16193.2C 16217C
16234T 16235G 16261T 16519C 73G 263G 309.1C
309.2C 315.1C 499A

16183C 16188.1C 16193.1C 16217C 16234T 16235G
16261T 16519C 73G 263G 309.1C 309.2C 315.1C
499A (SWGDAM)

USA.

AFR.000213

L3e2b 16129A 16172C 16183C 16188T 16189C 16193.1C
16223T 16320T 16519C 73G 150T 195C 263G
309.1C 315.1C

16129A 16172C 16183d 16193.1C 16193.2C 16223T

16320T 16519C 73G 150T 195C 263G 309.1C
315.1C

USA.
AFR.000537

L3e2b 16147T 16172C 16183C 16188T 16189C 16193.1C
16223T 16320T 16519C 73 94N 150T 152C 195C
224N 263G 297G 309.1C 315.1C

16147T 16172C 16183d 16193.1C 16193.2C 16223T
16320T 16519C 73G 94N 150T 152C 195C 224N
263G 297G 309.1C 315.1C (SWGDAM)

USA.
AFR.000542

L3e2b 16172C 16189C 16223T 16320T 16519C 73G 150T 195C 263G 315.1C (SWGDAM)

USA.154.000067
(Navajo)

A2 16111T 16189C 16191.1C 16192T 16223T 16290T
16319A 16362C 73G 146C 153G 235G 263G 309.1C
315.1C

16111T 16189C 16192.1T 16223T 16290T 16319A
16362C 73G 146C 153G 235G 263G 309.1C 315.1C
(SWGDAM)

USA.154.000031

(Navajo)

A2 16111T 16189C 16192T 16223T 16290T 16319A 16362C 73G 146C 153G 235G 263G 315.1C (SWGDAM)

USA.154.000003
(Navajo)

A2 16111T 16189C 16191.1C 16192T 16223T 16233G
16290T 16319A 16331G 73G 146C 153G 235G 263G
315.1C

16111T 16189C 16192.1T 16223T 16233G 16290T
16319A 16331G 73G 146C 153G 235G 263G 315.1C
(SWGDAM)

USA.154.000108

(Navajo)
A2 16111T 16189C 16192T 16223T 16233G 16290T 16319A 16331G 73G 146C 153G 235G 263G 315.1C

(SWGDAM)
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Table 1 (continued)

Sample information Alignments

SWGDAM Haplo-

group

Phylogenetic Formal rules 1–3

USA.
AFR.000477

L2a1 16189C 16191.1C 16192T 16223T 16278T 16294T
16309G 16390A 16519C 73G 143A 146C 152C 263G
315.1C 534T

16189C 16192.1T 16223T 16278T 16294T 16309G
16390A 16519C 73G 143A 146C 152C 263G 315.1C
534T (SWGDAM)

USA.
AFR.000905

L2a1 16189C 16192T 16223T 16278T 16294T 16309G 16390A 16519C 73G 143A 146C 152C 195C 263G 315.1C
534T (SWGDAM)

USA.
AFR.000831

L4 16179T 16183C 16189C 16191T 16193.1C 16223T
16239T 16311C 16320T 16362C 16519C 73G 150T
199C 204C 260C 263G 309.1C 315.1C 513A 523d
524d

16179T 16183C 16189C 16190.1T 16223T 16239T
16311C 16320T 16362C 16519C 73G 150T 199C
204C 260C 263G 309.1C 315.1C 513d 514d
(SWGDAM)

USA.
AFR.000458

L4 16179T 16182C 16183C 16187T 16189C 16193d
16223T 16239T 16311C 16320T 16362C 16519C
73G 150T 199C 204C 207A 263G 309.1C 315.1C
513A

16179T 16182d 16183d 16193.1C 16223T 16239T
16311C 16320T 16362C 16519C 73G 150T 199C
204C 207A 263G 309.1C 315.1C 513A (SWGDAM)

USA.
AFR.000084

L4 16179T 16183C 16189C 16193.1C 16223T 16239T 16311C 16320T 16362C 73G 150T 199C 204C 263G
309.1C 315.1C (SWGDAM)

USA.
AFR.001199

L4 16179T 16183C 16189C 16223T 16239T 16311C
16320T 16362C 16519C 73G 146C 150T 199C 204C
263G 309.1C 315.1C 513A 523d 524d 527N

16179T 16183C 16189C 16223T 16239T 16311C
16320T 16362C 16519C 73G 146C 150T 199C 204C
263G 309.1C 315.1C 513d 514d 527N (SWGDAM)

USA.

AFR.000832

L2c 16214T 16223T 16274A 16278T 16390A 73G 93G

146C 150T 152C 153G 182T 195C 198T 207A 263G
315.1C 325T 513A 523d 524d (SWGDAM)

16214T 16223T 16274A 16278T 16390A 73G 93G

146C 150T 152C 153G 182T 195C 198T 207A 263G
315.1C 325T 513d 514d

USA.
AFR.001041

L2c 16214T 16223T 16264T 16278T 16390A 73G 89C 93G 146C 150T 152C 182T 195C 198T 263G 309.1C
315.1C 325T 523d 524d (SWGDAM)

USA.
HIS.000204

A2 16111T 16182C 16183C 16189C 16223T 16290T
16319A 16362C 73G 146C 153G 235G 263G 310C
315d 316d 317d (SWGDAM)

16111T 16182C 16183C 16189C 16223T 16290T
16319A 16362C 73G 146C 153G 235G 263G 310d
311d 312d

USA.008.000169
(Apache)

B2 16129A 16147T 16183C 16193.1C 16217C 16325C
73G 146C 154C 263G 310C 314d 315d

16129A 16147T 16183C 16193.1C 16217C 16325C
73G 146C 154C 263G 310d 311d (SWGDAM)

USA.
HIS.000134

B2 16152C 16182C 16183C 16189C 16217C 16325C 73G 263G 310C (SWGDAM)

USA.
HIS.000332

T2 16126C 16294T 16296T 16324C 16519C 73G 92C
103N 125N 263G 310C 312d 313d 314d 315d

16126C 16294T 16296T 16324C 16519C 73G 92C
103N 125N 263G 310d 311d 312d 313d (SWGDAM)

USA.
CAU000445

J2a 16069T 16126C 16145A 16231C 16261T 73G 150T
152C 195C 215G 263G 295T 310.1T 315.1C 319C
(SWGDAM)

16069T 16126C 16145A 16231C 16261T 73G 150T
152C 195C 215G 263G 295T 310.1T 310.2C

USA.
CAU.000600

J2a 16069T 16126C 16145A 16183C 16189C 16231C 16249C 16261T 73G 150T 152C 195C 215G 263G 295T
310C 317N 319C 320N (SWGDAM)

CHN.
ASN.000451

B4a1a1 16182C 16183C 16189C 16217C 16247G 16261T
16519C 73G 146C 263G 308d 309d 315.1C 523d
524d

16182C 16183C 16189C 16217C 16247G 16261T
16519C 73G 146C 263G 308T 310d 523d 524d
(SWGDAM)

CHN.

ASN.000432

B4a1a1 16183C 16189C 16217C 16247G 16261T 16519C 73G 146C 263G 315.1C 318C 523d 524d (SWGDAM)

CHN.
ASN.000439

B4a1a1 16182C 16183C 16189C 16217C 16247G 16261T 16519C 73G 146C 151T 263G 309.1C 315.1C 523d 524d
(SWGDAM)

CHN.
ASN.000469

B4a1a1 16182C 16183C 16189C 16217C 16247G 16261T 16519C 73G 146C 263G 309.1C 309.2C 315.1C 523d 524d
(SWGDAM)

THA.
ASN.000021

B4g 16181C 16182C 16183C 16189C 16213A 16217C
16242T 16261T 16292T 16301T 16519C 61A 62A
73G 150T 263G 308d 309d 315.1C 523d 524d
(SWGDAM)

16181C 16182C 16183C 16189C 16213A 16217C
16242T 16261T 16292T 16301T 16519C 61A 62A
73G 150T 263G 308T 310d 523d 524d
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mismatches (Table 2). Analogous results are obtained when
samples USA.154.000108 and USA.154.000003 are com-
pared (Table 1).

A similar situation occurs with an African profile (USA.
AFR.000477) from a specific subhaplogroup of haplogroup
L2a1 with the characteristic variant 534T, which displays the
same sequence variation within 16183–16194 as those latter
two Navajo sequences. The SWGDAM profiles obeying the
three rules are, however, artificially aligned to their
corresponding mtDNA relatives in these cases because the
variant 16192T appears to be ancestral to those particular
subhaplogroups of A2 and L2a1, respectively (Table 1).

To give another example, three changes each are needed to
derive the variation within 16183–16194 observed in the two
haplogroup D5c profiles CHN.ASN.000072 and KOR.
ASN.000057 from the ancestral motif with 16189C [22]. This
can be realized in two ways: namely, either by reversing the
16189C change and inserting two C nucleotides, 16188.1C &
16193.1C, or introducing the changes 16189C & 16190T &
16193.1C & 16193.2C. The formal rules require the former
scoring, whereas we find the latter scenario more plausible
because it would invoke only two C insertions extending the
long C tract plus a subsequent transition interrupting the long
C tract. An analogous situation occurs in haplogroup B2 with
USA.HIS.000509 (Table 1).

A similar case can be made for haplogroup L3e2b, where
the profile USA.AFR.000542 represents the ancestral
sequence (bearing 16189C). Then three additional changes
within 16183–16194 explain the variation (16183C &

16188T & 16189C & 16193.1C) of USA.AFR.000213
and USA.AFR.000537 in 16183–16194 (Table 2). This
derivation, invoking an elongation of the long C tract with
subsequent interruption through a C-to-T mutation, corre-
sponds with the phylogenetic approach in contrast to the
more parsimonious one positing 16183C & 16187.1T &
16189C instead. However, this latter scoring, as repre-
sented by the SWGDAM entry USA.AFR.000213, violates
Rule 2 because 16183d & 16193.1C & 16193.2C (as
found in USA.AFR.000537) has higher priority (Table 1).

The mtDNA lineages USA.CAU.001450 and THA.
ASN.000057 are particular members of large haplogroups
(T1 and B, respectively) for which the long C tract
(incurred by 16189C) is characteristic but not the variant
16184A, so that the modification of the short A tract
constitutes a private variant or defines a minor sub-
haplogroup (such as B4c2). This also applies to the two
haplogroup T1a lineages USA.CAU.000155 and USA.
HIS.000328, where the private variant constitutes a mere
length variation of the long C tract from 16187 to 16193,
which we would denote by 16193d in this case (Table 1).

The problem with 16184A is exacerbated when this variant
is heteroplasmic and competes with the reference nucleotide,
that is, when 16184M (using the IUPAC code) is observed.
The SWGDAM database does not document ambiguities
(incurred by real heteroplasmy or reading difficulties in one of
the paired electropherograms) in this detailed way but always
reports “N” in such ambiguous cases. Then suppose that the
undetermined position in the sample SKE.AFR.000050

Table 1 (continued)

Sample information Alignments

SWGDAM Haplo-

group

Phylogenetic Formal rules 1–3

THA.
ASN.000061

B4g 16181C 16182C 16183C 16189C 16213A 16217C 16261T 16292T 16519C 61A 62A 73G 263G 309.1C 315.1C
514N 523d 524d (SWGDAM)

CHN.
ASN.000206

B4g 16181C 16182C 16183C 16189C 16213A 16217C 16242T 16261T 16292T 16301T 16519C 61A 62A 73G
183G 263G 309.1C 309.2C 309.3C 315.1C 323N 324N 523d 524d (SWGDAM)

CHN.
ASN.000241

B4 16182C 16183C 16189C 16217C 16219G 16261T 16286T 16519C 73G 263G 309d 315.1C 523d 524d
(SWGDAM)

CHN.
ASN.000076

Z 16166C 16185T 16189C 16193d 16223T 16260T
16298C 73G 152C 247A 249d 263G 309.1C 315.1C

489C 505N 527N

16166C 16185T 16189d 16223T 16260T 16298C 73G
152C 247d 263G 309.1C 315.1C 489C 505N 527N

(SWGDAM)
CHN.
ASN.000061

Z 16136C 16185T 16223T 16260T 16298C 73G 152C 249d 263G 309.1C 315.1C 489C (SWGDAM)

USA.
AFR.000624

L1c1 16086C 16129A 16169T 16172C 16189C 16192T
16223T 16278T 16293G 16311C 16360T 73G 151T
152C 182T 186A 189C 195C 198T 247A 249d 263G
297G 315.1C 316A

16086C 16129A 16169T 16172C 16189C 16192T
16223T 16278T 16293G 16311C 16360T 73G 151d
152.1C 182T 186A 189C 195C 198T 247d 263G
297G 315.1C 316A

SKE.
AFR.000005

L1c1 16086C 16129A 16187T 16189C 16223T 16278T
16293G 16294T 16360T 73G 151T 152C 182T 186A
189C 195C 204C 247A 263G 297G 315.1C 316A
(SWGDAM)

1608C 16129A 16187T 16189C 16223T 16278T
16293G 16294T 16360T 73G 151d 152.1C 182T
186A 189C 195C 204C 247A 263G 297G 315.1C
316A
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having a long C tract (Table 1) was in fact 16184M and
reflected true heteroplasmy. According to the formal rules,
one variant bearing 16184A, when homoplasmic, would have
to be scored as 16183.1A & 16189d (within 16183–16193),
whereas the other homoplasmic variant showing 16184C (as
the rCRS) would be recorded as 16189C in this region. Thus,
ignoring the undetermined position for forensic purposes
would still yield a recognizable match only with the latter
homoplasmic variant but not with the former one to which it
would appear to be at distance 2—at least when the formal
rules were strictly followed.

When a long C tract occurs in HVS-II (indicated by
310C or 310d), the formal alignment according to Rules 1–
3 may also jump depending on the number of inserted C
molecules; see USA.008.000169, USA.HIS.000134, USA.
HIS.000332, and USA.CAU.000600 as examples following
the above-mentioned principle (Table 1 and Table 3). In this
context, Rule 3 effectively demands that contiguity of an
indel has higher priority than unrestricted 3′ placement; see
example 17 of the work of Wilson et al. [24]. There is a
problem though when it comes to insertions, namely, an
insertion of TC after position 310 should then be encoded as
310.1T & 310.2C, but in practice, this change is recorded as
310.1T & 315.1C (e.g., USA.CAU000445; Table 1).

Even when the nucleotides in the immediate vicinity of
position 309 are apparently unaltered relative to the rCRS,
the alignment may jump depending on the lengths of the
surrounding C tracts. This can be seen with mtDNA
sequences belonging to a particular subhaplogroup of
B4a: the typical length (7) of the C tract preceding 310 is
represented in haplogroup B4a1a1 [14] by sample CHN.
ASN.000432 in the SWGDAM database (Table 1). A loss
of two cytosines there, as seen in CHN.ASN.000451,
causes a jump of the formal alignment to three changes
when adhering to Rules 1–3. Relative to a putative
intermediate haplotype with six cytosines in the C tract
(as, e.g., seen in sample CHN.ASN.000241 from a
different B4 subhaplogroup), the jump would go from
one mismatch (between C tract lengths 6 and 5) to four

mismatches, viz., at positions 308, 309, 310, and 315.1.
This would also jeopardize comparisons between hetero-
plasmic mtDNAs with respect to these two length variants
and the corresponding two homoplasmic mtDNAs, so that
this would directly affect forensic comparisons (Table 3).

The preceding alignment switch that takes place when
comparing C-tract lengths of 6/5 and 5/5 cytosines (pre/post
310) is directly incurred by the unfortunate choice of a
distant reference sequence for the binary alignment. A
consensus sequence for the region 303–315 would rather
have the C-tract lengths 7/6 instead of 7/5 as in the rCRS.
Suppose one would choose the consensus sequence with
motif 73G 263G 315.1C (relative to the rCRS) as the
standard sequence to which all other sequences get aligned
formally. Then all sequences with C-tract lengths ranging
from 5/6 to 10/6 would get properly aligned. Thus, the
idiosyncratic features of the rCRS in HVS-II exacerbate the
problems with the formal binary alignment.

Another notational complication occurs in the region
515–524 with length variation of the AC repeat. A number
of mtDNA lineages bear a G-to-A change at position 513,
which effectively prolongs the AC repeat because position
514 bears C. This single nucleotide change would then be
expressed as 513A (as in USA.AFR.000458). If, however,
such a lineage also had a shortened AC repeat (which on its
own is scored as 523d & 524d), then this compound change
would be scored as 513d & 514d following the formal
rules. This can well be demonstrated with mtDNA samples
from a side branch of haplogroup L4 [12]; see Table 1.
Also, there is an analogous instance in haplogroup L2c
where a transition to 513A is accompanied by deletion
events in the dimeric repeat, e.g., in USA.AFR.000832.
When comparing this sequence to a somewhat related
sequence (USA.AFR.001041) that lacks the 513 change,
one could well envision that the 513A occurred after the
deletion of an AC repeat in this particular branch of
haplogroup L2c.

The preceding discussion of alignment problems could
evoke the wrong impression that the formal rules—when

Table 2 Jumping alignment in HVS-I

Position 16182 16183 16184 16185 16186 16187 16188 16189 16190 16191 16192 16193 16194

rCRS A A C C C C – C T C C – C – C – – A

D5a2 consensus C C C

D5a2 variant C T T C

D5a2 variant (Rules 1–3) C T – C

A2-subclade consensus C T

A2-subclade variant C C T

A2-subclade variant (Rules 1–3) C T

L3e2b consensus C

L3e2b variant C T C C

L3e2b variant (Rules 1–3) – C C

L3e2b variant (SWGDAM) C T C
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properly adjusted—would only fail in the vicinity of C
tracts and AC repeats. This is not the case. Problems may
arise at any position of the mtDNA sequence where some
indel events occurred in the mtDNA phylogeny. Typical
examples in this regard are occasional changes in the region
247–249, where the rCRS has GAA. Haplogroups CZ and
F bear an independent characteristic deletion of one adenine
there, which is recorded 3′-most as 249d. Now, a
subsequent transition at 247 leads to a sequence with motif
247A & 249d, which, when directly aligned to the rCRS,
would incorrectly be interpreted as 247d just as in CHN.
ASN.000076 (Table 1). Thus, again, application of Rules
1–3 leads to a jumping alignment, turning a single change
into seeming two changes. In contrast, the scoring 247d in
sample USA.AFR.000624 corresponds to a different
evolutionary pathway: the ancestral haplogroup L1c1
sequence has the motif 247A in this stretch, so that the
subsequent loss of one adenine needs to be scored as 247A
& 249d (Table 1). There is only a single candidate (SKE.
AFR.000054) in the SWGDAM database where the scoring
247d might be justified (given the present knowledge).

In conclusion, the three formal rules have the disadvan-
tage that (1) they cannot be applied meaningfully as stated,
(2) the potential range of their application can hardly be
determined beforehand, and that (3) even under careful
handling, a mere length variation of the long C tracts or AC
repeats can yield artificial alignment switches and thereby
increase the distance from one mismatch up to four apparent
mismatches. The SWGDAM database very well testifies to
the inherent ambiguity in the application of Rules 1–3, as
each of these rules is found to be violated there in several
instances (Tables 1, 2 and 3).

To define “length variants”, some initial alignments of at
least two sequences must be given beforehand. However, if
alignment rules were supposed to be conditional to the
presence of length variation, then the requirements for
alignment would become circular. This is well reflected by
the examples put forward by Wilson et al. [25]: it is stated
that “no insertions or deletions are present; thus, there are
no alternative alignments...” for example 1—which
expresses the fact that those sequence stretches under
comparison were of equal length; on the other hand, the
partial sequences of their example 18 also have equal
length, but an alignment combining one deletion with one
insertion and thus postulating length variation is derived
from the rules. It seems to be impossible to establish
meaningful rules for unambiguous alignment in the absence
of an evolutionary perspective: “Good alignments of related
sequences are ones that better reflect the evolutionary
relationship between them.” ([10], p. 184).

Phylogenetic alignment

Whether a long C tract around positions 16189 and 310 is
always created by a T-to-C transition or by a deletion in
vivo is not known a priori and is difficult to ascertain.
Uninterrupted polycytosine tracts usually display consid-
erable length heteroplasmy, where a population of two to
six different length variants [5, 15, 16, 18, 19] can be
discerned in the tissues and body fluids of an individual
provided that low-level heteroplasmic variants can be
distinguished from background noise with appropriate
sequencing technology [6, 7]. The demonstration of length

Table 3 Alignment of C-tract variants in HVS-II

Position 302 303 304 305 306 307 308 309 310 311 312 313 314 315 316 317

Typea 7/5 rCRS A C C C C C C C – – – T C C C C C – G C
Type 10/6 C C C C
Type 9/6 C C C
Type 8/6 C C
Type 7/6 C
Type 6/6 – C
Type 5/6 – – C
Type 5/6 (Rules 1–3) T –
Type 13 C
Type 12 C –
Type 12 (Rules 1–3) –
Type 11 C – –
Type 11 (Rules 1–3) – –
Type 10 C – – –
Type 10 (Rules 1–3) – – –
Type 9 C – – – –
Type 9 (Rules 1–3) – – – –
Type 12del C – – –
Type 12del (Rules 1–3) – – –

aType i/j signifies two short C tracts of lengths i and j; type k (kdel) indicates a single long C tract of length k (with subsequent deletions,
respectively).
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heteroplasmy in a sequence electropherogram depends on
the applied sequencing chemistry and primers and thus
may vary between laboratories. Differences can already be
observed between forward and reverse sequencing reac-
tions within the same sample. Therefore, it is difficult, if
not impossible, to suggest a general notation of hetero-
plasmic length variants. For mtDNA databases, we
envision that the standard encoding would seek to identify
and report a dominant variant, which can be confirmed in
the majority of cases.

For the evolution of the C tracts, we can nonetheless
envision a default scenario, which would capture most
events reflected in the phylogeny. For instance, the short C
tracts around T at position 16189 seem relatively stable.
Then only their joining incurred by 16189C would
destabilize this region. The first kind of mutations that
would subsequently respond to further lengthening of the
long C tract is the loss of one or two nucleotides of the
preceding short A tract. The resulting compound changes
have traditionally been scored as A to C transversions at
16181–16183, with the understanding that these changes
play a role quite different from any other transversion in the
control region. A long C tract would then typically have a
length between 9 to 13 nucleotides. Although such long
homopolymeric regions are tolerated over long evolutionary
periods, as testified by many haplogroups with an ancestral
16189C motif, there seems to be a tendency to interrupt such
a long C tract by some subsequent C to T changes
somewhere close to its middle (e.g., compare the haplogroup
L4 sequences listed in Table 1). We suggest that the
notational system follows this default scenario by taking
16189C as an indicator for the union of the two short C
tracts, then using 16183C, 16182C, and 16181C for the
changes of the length of the preceding A tract, and finally a
transition that again splits the long C tract into two shorter
ones.

There are slight differences in the behavior between the
C tracts around positions 310 and 16189. The typical C
tract post 310 is one nucleotide longer (scored as 315.1C)
than that of the rCRS and relatively stable, with only
occasional losses of 315.1C or gains of 315.2C, whereas
the standard seven-nucleotide C tract from 303 to 309 is
quite variable in length and may have sizes ranging from
five to ten; for example, all these different lengths occur in
haplogroup B4 (Table 1). Length variants in HVS-II
develop either with insertions of C residues between
positions 302 and 310 or with a transition or deletion event
at position 310. There is a tendency that the latter leads to a
reduction of C molecules in the C tract, whereas in HVS-I,
the transition at 16189C is usually accompanied by the gain
of C molecules with respect to the rCRS. In analogy to the
above C-tract convention for HVS-I, we suggest to take
310C as an indicator for the union of the two C tracts and

designate the reduction of the C-tract length with deletions
3′ to the homopolymeric region (Table 3).

We recommend staying as close as possible to a
reconstructed phylogeny using all available data. Neverthe-
less, we strive for some canonical notations that are in
agreement with the broad forensic tradition. Namely, we
suggest replacing Rules 1–3 by the following guidelines:

– (Phylogenetic law) Sequences should be aligned with
regard to the current knowledge of the phylogeny. In
the case of multiple equally plausible solutions, one
should strive for maximum (weighted) parsimony.
Variants flanking long C tracts, however, are subject
to extra conventions in view of extensive length
heteroplasmy.

– (C tract conventions) The long C tracts of HVS-I and
HVS-II should always be scored with 16189C and
310C, respectively, so that phylogenetically subsequent
interruptions by novel C to T changes are encoded by
the corresponding transition. Length variation of the
short A tract preceding 16184 should be notated in
terms of transversions.

– (Indel scoring) Indels should be placed 3′ with respect
to the light strand unless the phylogeny suggests
otherwise.

Phylogenetic alignment is a necessary prerequisite for
comparing two or more mtDNA profiles. To determine the
likelihood that two profiles differing by exactly one
mutation, either in heteroplasmic or in homoplasmic state,
could coexist in one individual is, however, not straight-
forward. The site-specific mutational spectrum gleaned
from an estimated mtDNA phylogeny [3] cannot necessar-
ily be equated with the corresponding spectrum for somatic
mutations or de novo mutations in the germline because
some mutations (such as the transition at position 215, for
example; [11]) may have a reduced chance to transcend
from heteroplasmic to homoplasmic state and get fixed in
the matriline. On the other hand, there is no positive
evidence to date that the somatic mutation process in the
control region would strongly deviate from the
corresponding long-term process that has been inferred
from the mtDNA phylogeny, let alone that the somatic
mutation spectrum within an individual would conform to
Rules 1–3 of the formal binary alignment to the rCRS.

Discussion

When Wilson et al. [24] highlighted the problems about
notational ambiguity and published their recommendations,
they anticipated that not all investigators would agree with
the proposed rules: “These rules as described herein may be
accepted, or other proposed approaches may be considered.
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At least the issues are raised, and discussion can begin.”
[25]. At first sight, the rules appeared to be convenient,
simple, and plausible—so, the necessary discussion in the
forensic community did not really gain momentum.
However, in practical casework, the rules were handled
more flexibly, and sometimes, the regions with puzzling
length variants were ignored altogether when the applica-
tion of the three formal rules would have led to jumping
alignment.

We have shown that the recommendations based on
binary alignment to a standard sequence (rCRS) and formal
priority rules have the following serious drawbacks that
impact on their forensic use:

(a) The formal rules need at least to be restricted to
regions with notorious length variation as they cannot
be applied meaningfully to other parts of the
sequences.

(b) The resulting alignment is biased toward the reference
sequence rCRS and does not take the phylogenetic
background of the sample into consideration.

(c) The rules can lead to “jumping” alignments that place
sequences separated by a single mutation at larger
distance, which is in conflict with the evolutionary
history of the sequences.

(d) In forensic casework, jumping alignment introduces
more differences than necessary to explain the
mutations between the mtDNA sequences of stain
and culprit and thus leads to unjustified exclusion of
the culprit as the donor of the stain.

(e) The formal rules can distort the estimation of site-
specific mutational rates that are necessary to interpret
differences between sequences.

Sequence alignment and nomenclature is a difficult task
in and around homopolymeric regions of the mtDNA
control region, simply as it is sometimes impossible to
identify the exact mutational position and event a priori.
Moreover, unforeseen situations with complex rearrange-
ments and length variation may arise outside the C tracts
that resist unambiguous alignment. Consider, for example,
the short stretch GTATTTTC from positions 54 to 61 in the
rCRS. In the Indian haplogroup M39 [21], one observes the
two variants GTTTTTTC and GTTATTC. Then one
alignment poses the change 56T for the first variant and
56del & 58A for the second one (see IND.CAU.000109
and IND.CAU.000117 from the SWGDAM database).
Alternatively, one could hypothesize a common insertion
55.1T for both variants with different subsequent losses of
thymines, namely, 56del and 59del & 60del, respectively
[21]. The latter alignment would be less parsimonious than
the first one if the loss of TT in the second case was scored
as two events but would be equally parsimonious when the
double loss was counted as a single change.

Thus, the alignment problem cannot be dealt with in a
straightforward formal way. Phylogenetic estimation is
important for a meaningful evolutionary interpretation of
mtDNA haplotypes, which is also fundamental to forensic
considerations. Alignment cannot be split from phylogeny
conceptually, and binary alignment to a standard sequence
would fall short of the goal anyway. Therefore, multiple
sequence alignment with a phylogenetic perspective has to
be performed. This, seemingly, has the disadvantage that
the notational system capturing the alignment would not
always be stable over time when finer details of the
phylogeny emerge. However, nothing could really stay
unaltered because knowledge about the genetic marker,
human mtDNA, keeps growing.

Any forensic comparison of an mtDNA sequence to the
mtDNA sequences stored in a database needs to take the
most plausible reconstruction of potential evolutionary
pathways into consideration. In general, this pathway will
not directly link the mtDNA sequence with the rCRS but
rather with the most similar mtDNA sequences from the
smallest recognizable subhaplogroup the targeted mtDNA
belongs to. Therefore, the notational devices for recording
mtDNA sequences relative to the rCRS, which would
reflect an alignment with all other mtDNA sequences, have
to depart from realistic estimates of the whole mtDNA
phylogeny. One can therefore never totally exclude ambi-
guity because one may never know the exact relationship in
some intricate cases. With the best of current knowledge,
one would then have to consider all plausible alternative
pathways expressed by different alignments. To facilitate
such comparisons, some standardized nomenclatures are
helpful, which harmonize the notation of mtDNA profiles
across databases, but this should not seduce the user of a
database to rely on a single “optimal” alignment in all
cases. Actually, Wilson et al. [25] already pointed to this
kind of caveat by suggesting that one may wish to “...query
a long string of bases rather than a set of differences from a
reference. Such an alternative to the current method might
be explored in an effort to avoid inconsistencies caused by
optional alignments when applied to forensic applications.”

Conclusions

We conclude that sequence alignment and the corre-
sponding notational system should not employ binary
alignment to a standard sequence. This simplistic alignment
procedure would not only distort phylogenetic consider-
ations between closely related sequences but also directly
impact forensic comparison: frequently observed insertions
of C molecules in length variants that typically occur in
tissues with higher mutability (e.g., hair and muscle) may
lead to jumping alignment with respect to the sequence
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determined from the reference material of the same person,
such as blood. At this point, one either needs to reject the rules
or ignore the polymorphisms in the entire region affected by
length variation to avoid a false exclusion scenario.

Nowadays, we can take advantage of the emerging
mtDNA sequence information that allows us to compare
sequences to their phylogenetic neighbors. This is both
relevant to the quality management of published and newly
generated sequence data and also for establishing a reliable
notational system for length variants. The guidelines as
expressed in this study are applicable to all mtDNA
sequences in their entire range. They put sequences in a
phylogenetically meaningful relationship and aid forensic
comparison. In some cases, these guidelines may not
suffice to unambiguously determine a single most-plausible
alignment, whereas in other instances, the alignment may
even change when additional information on the
corresponding portion of the mtDNA phylogeny becomes
available. Such limitations, however, should not invalidate
a phylogenetic approach to sequence alignment as this
constitutes the only scientific way to deal with comparison
of mtDNA sequences in the light of the current knowledge
about human mtDNA variation. In consequence, the new
forensic mtDNA database, EMPOP, will strive for a strictly
phylogenetic alignment.
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