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Introduction
Alignments are used when generating mtDNA sequence profiles for 
comparison purposes. An alignment is made between a sample of interest and 
a generally recognized reference, such as the Cambridge Reference Sequence 
(CRS) (Anderson et al. 1981; Andrews et al. 1999). In the majority of situations, 
the alignment and naming of differences from the reference is straightforward. 
However, the treatment of insertions and deletions (gaps) may vary, causing 
some laboratories to code mtDNA sequences differently (Bortolini et al. 1997; 
Ginther et al. 1993; Kolman et al. 1996; Ribeiro-Dos Santos et al. 1996; Salas 
et al. 2001). Several authors have already provided rules for nomenclature 
issues (Carracedo et al. 2000; Tully et al. 2001); therefore, this paper will 
expand on these ideas.

Wilson et al. (2002) have defined a number of situations that may have been 
problematic in this respect. This manuscript discusses examples of alternative 
alignments that were not included in the Wilson et al. (2002) paper because of 
space limitations. 

The general recommendations are as follows: 

1. Profiles should be characterized so that the least number of differences from the reference 
sequence are present.

2. If there is more than one way to maintain the same number of differences with respect to the 
reference sequence, differences should be prioritized as follows:

A. insertions/deletions (indels)

B. transitions (purine-to-purine or pyrimidine-to-pyrimidine changes)

C. transversions (purine-to-pyrimidine or pyrimidine-to-purine changes)

3. Because all genes have a 5’ to 3’ direction of transcription and mtDNA genes are encoded on 
both the heavy and light strands of the closed circular molecule, this paper explicitly states that 
insertions and deletions be placed 3’ with respect to the light strand of human mtDNA. Insertions 
and deletions should be combined in situations where the same number of differences from the 
reference sequence is maintained.

Examples of Alternative Alignments 
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A number of examples have been identified where alternative alignment strategies result in slightly 
different characterizations of mtDNA profiles. Some of these examples are discussed below. The 
first line is the sequence to be compared with the CRS; the second line is the CRS. The nucleotide 
position is referenced in the space below the position. All of these alignment examples were 
obtained from an expanded version of the Scientific Working Group on DNA Analysis Methods 
(SWGDAM) forensic mtDNA database (Budowle et al. 1999; Miller and Budowle 2001). A summary 
of the examples can be found in Table 1. It includes the CRS positions of the sequence under 
examination, the example sequence, the corresponding CRS sequence, the recommended 
alignment, and the recorded nucleotide positions of the difference(s). A complete discussion of all 
the examples shown in Table 1 can be obtained from a combination of this manuscript and the 
Wilson et al. (2002) publication.

Example 1

Both length and sequence changes are observed in and around nucleotide 
positions 498 and 499 in the human mtDNA control region. One such change is 
a transition at nucleotide position 499. Example 1 shown in Table 1 contains 
sequence information from nucleotide positions 488–504. A simple sequence 
difference is found between the example and the reference; hence no decision 
regarding alignment is needed. A one-base difference is found between the 
profile and the reference at nucleotide position 499. No insertions or deletions 
are present, thus there are no alternative alignments other than alignment 1. 
The difference from the reference is coded as 499A.

Example 2

A sequence similar to that found in Example 1 has been observed, however, a one-base pair 
deletion is found next to the transition. Thus, the alignment requires a decision as to where to place 
the gap between these sequences, as shown below.

ATACAACCCCACCCAT
ATACAACCCCCGCCCAT  CRS

 490 500

Alignment 2A results from a deletion and a transition and is recorded as 498D, 499A. 

Alignment 2A

ATACAACCCC-ACCCAT
ATACAACCCCCGCCCAT  CRS

 490 500
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However, another possible alignment is 2B.

Alignment 2B 

ATACAACCCCA-CCCAT
ATACAACCCCCGCCCAT  CRS

  490 500

Alignment 2B can be described as two changes: a transversion at nucleotide position 498 and a 
deletion at nucleotide position 499, and would be recorded as 498A, 499D.

According to the recommendations listed in Wilson et al. (2002), alignment 2A is preferred because 
Recommendation 2 states that transitions have priority over transversions. 

The deletion placed at nucleotide position 498 in alignment 2A could have been placed in a number 
of different positions within a continuous run of cytosine residues. Each of these alternative 
alignments results in two differences between the profile and the reference. However, 
Recommendation 3 states that insertions and deletions should be placed 3’ with respect to the light 
strand. Thus again, alignment 2A is recommended, due to the 3’ placement of the gap compared to 
the other alternative alignments. Recommendations 2 and 3 both agree that alignment 2A is the 
preferred alignment, and the differences from the CRS should be recorded as 498D, 499A.

Example 3

An example found in the hypervariable region II is shown in Example 3. The sequences of the 
profile and the reference, from nucleotide positions 244–253, are shown below.

ATTGATGTC
ATTGAATGTC  CRS

 250

Alignment 3A places a deletion at nucleotide position 248.

Alignment 3A

ATTG-ATGTC
ATTGAATGTC  CRS

 250

However, the deleted base could also be placed at the adjacent A residue, as shown in alignment 
3B.
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Alignment 3B

ATTGA-TGTC
ATTGAATGTC  CRS

 250

Because both alignments result in a single deletion, Recommendations 1 and 2 cannot resolve the 
choice of alignments, and Recommendation 3 is applied. A deletion should be placed at the 3’ end 
with respect to the light strand in such cases. Hence, alignment 3B is preferred over alignment 3A. 
The difference is coded as 249D.

Example 5

A short dinucleotide repeat is found in the human mtDNA control region near the tRNA-
Phenylalanine gene (Bodenteich et al. 1992). The CRS lists five AC repeats, but individuals have 
been identified who have as few as three or as many as seven copies of the repeat. A common 
observation in many populations is the presence of six copies of the repeat, as shown below. This 
example illustrates positions 508-529 in both the six-repeat sample and the CRS reference 
sequence.

ACCCAGCACACACACACACCGCTG
ACCCAGCACACACACACCGCTG  CRS

  510 520

Conforming to Recommendation 3, the inserted bases are listed at the 3’ end of the repeat, as 
shown in alignment 5A.

Alignment 5A

ACCCAGCACACACACACACCGCTG
ACCCAGCACACACACAC--CGCTG  CRS

  510 520

This alignment results in the addition of two bases at nucleotide position 524. This profile is, 
therefore, coded as 524.1A, 524.2C. 

However, designation of the repeat in this example may result in some inconsistency. If the 5’ end 
is used to determine the beginning of the dinucleotide repeat, the repeat is classified as a CA 
repeat. In contrast, if the repeat is moved to the 3’ end to maintain the same number of differences 
from the reference, it is classified as an AC repeat. Alignment 5B illustrates this alternative.

Alignment 5B
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ACCCAGCACACACACACACCGCTG
ACCCAGCACACACACA--CCGCTG  CRS

  510 520

To be consistent with Recommendation 3, alignment 5A is preferred because the inserted bases 
are shifted one base in the 3’ direction with respect to the CRS. The insertion is thereby classified 
as an AC insertion, and the differences from the CRS are listed as 524.1A, 524.2C. 

Example 6

The recommended treatment of differences from profiles with fewer repeat units than the CRS is 
shown in Example 6. This example has three copies of the repeat, rather than the five copies found 
in the CRS.

ACCCAGCACACACCGCTG
ACCCAGCACACACACACCGCTG  CRS

  510 520

Alignment 6A places the deleted bases on the 3’ end of the dinucleotide repeat. The deleted bases 
are, therefore, coded as 521D, 522D, 523D, and 524D.

Alignment 6A

ACCCAGCACACAC----CGCTG
ACCCAGCACACACACACCGCTG  CRS

  510 520

Example 13

Generally, a total of 14 residues are found between nucleotide positions 16180 and 16193 (Bendall 
and Sykes 1995; Casteels et al. 1999). However, Example 13 illustrates a situation where this is 
not the case. In Example 13, the T residue is found at nucleotide position 16186 rather than 
nucleotide position 16189. Also, the total number of residues between 16180 and 16193 is one 
fewer than the usual 14. Nucleotide pairs 16180-16198 are shown below.

AAAACCTCCCCCCATGCT
AAAACCCCCTCCCCATGCT  CRS

 16190

Alignment 13A is coded as 16186T and 16189D.
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Alignment 13A

AAAACCTCC-CCCCATGCT
AAAACCCCCTCCCCATGCT  CRS

 16190

Another possible alignment is shown as alignment 13B.

Alignment 13B

AAAACC-TCCCCCCATGCT
AAAACCCCCTCCCCATGCT  CRS

 16190

Alignment 13B results in three changes, two transitions and a deletion. A third 
possible alignment with three differences is shown as alignment 13C. 

Alignment 13C

AAAACCTCCCCCC-ATGCT
AAAACCCCCTCCCCATGCT  CRS

 16190

Alignment 13A is the preferred alignment because it has the fewest differences 
from the CRS.

Example 14

In some cases, the number of C residues preceding and following the T residue at 16189 differs 
from what is found in the CRS. Example 14 is one example of this observation.

AAACCCCCCCTCCCCCATGCT
AAAACCCCCTCCCCATGCT  CRS

 16190

Rather than the typical five cytosine residues observed preceding the T at 
16189, this profile contains seven C residues. In addition, five cytosine 
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residues follow the T rather than four. Also, there are three A residues 
preceding the run of Cs rather than four. One possible alignment of this 
sequence to the CRS is shown as alignment 14A.

Alignment 14A

AAACCCCCCCTCCCCCATGCT
AAAACCCCC-TCCCC-ATGCT  CRS

 16190

This alignment yields three differences when compared to the CRS, a transversion and two 
insertions, and is coded as 16183C, 16188.1C, 16193.1C.

Because the insertions can be placed at any position within the series of C residues, there are 
many possible alignments that result in a total of three differences from the CRS, all of which have 
one transversion and two insertions (not shown). Again, the use of Recommendation 3 would place 
the insertions at the 3’ end with respect to the CRS. Therefore, alignment 14A is preferred.

Example 15

Length-related variants are often complicated and warrant careful consideration, as shown in 
Example 15. Positions 16178-16198 are shown in this example.

TTAAACCCCCCCCTCCCATGCT
TCAAAACCCCCTCCCCATGCT  CRS

 16190

As expected, there are many different ways to align this sequence to the CRS. One possible 
alignment is shown as alignment 15A.

Alignment 15A

TTAAACCCCCCCCTCCCATGCT
TCAAAACCCCC-TCCCCATGCT  CRS

 16190

This alignment yields five total changes, three transitions, one transversion, and one insertion. 
Alignment 15B results in four changes and therefore, is preferred. 

Alignment 15B
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TTAAACCCCCCCCTCCCATGCT
TCAAAACCCCCTC-CCCATGCT  CRS

 16190

The coded variants from the reference are 16179T, 16183C, 16189C, 
16190.1T.

Example 16

Some of the other length variants in this region may involve other combinations 
of A-C transversions and insertions. One variant is shown below.

AAACCCCCTCCCCCCATGCT
AAAACCCCCTCCCCATGCT  CRS

 16190

Alignment 16A

AAACCCCC-TCCCCCCATGCT
AAAACCCCCTCCCC--ATGCT  CRS

 16190

A total of four changes result from alignment 16A, a transversion, a deletion, and two insertions. 
However, other alignments with three total changes are possible, as shown in alignments 16B and 
16C.

Alignment 16B

AAACCCCCTCCCCCCATGCT
AAAACCCC-CTCCCCATGCT  CRS

 16190

Alignment 16C

AAA-CCCCCTCCCCCCATGCT
AAAACCCCCTCCCC--ATGCT  CRS

 16190
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Alignment 16B results in one transversion, one transition, and one insertion. These three changes 
in alignment 16C are all indels. Thus, 16C is preferred over alignment 16B. Alignment 16C is coded 
as 16183D, 16193.1C, 16193.2C.

HV II C Stretch
The HV II region also contains a C stretch region similar to the HV I region; however, some 
important differences have been reported (Greenberg et al. 1983; Hauswirth and Clayton 1985; 
Stewart et al. 2001). Whereas the T residue at position 16189 in the HV I region is often observed 
to be absent, the T residue in the HV II region is less frequently absent. More often, the T residue 
found at nucleotide position 310 is shifted as a result of length variants directly upstream (i.e., in 
the 5’ direction). The CRS, beginning at nucleotide position 300 and ending at nucleotide position 
317, is shown below with the T at nucleotide position 310 underlined:

AAACCCCCCCTCCCCCGC

Length variants in this region are illustrated below. 

AAACCCCCCCTCCCCCGC                        (7 Cs upstream from 310T, CRS)

AAACCCCCCCCTCCCCCGC                      (8 Cs upstream from 310T)

AAACCCCCCCCCTCCCCCGC                    (9 Cs upstream from 310T)

Example 18

An example of length variation in this region results in alternative ways to align the sequence to the 
CRS. One such example is Example 18, shown below.

AAACCCCCCTCCCCCCGC
AAACCCCCCCTCCCCCGC  CRS

 310

Two transitions observed in alignment 18A can explain the differences with respect to the CRS and 
are coded as 309T, 310C.

Alignment 18A

AAACCCCCCTCCCCCCGC
AAACCCCCCCTCCCCCGC  CRS

 310
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In contrast, alignment 18B, which results in a deletion and an insertion, still maintains the same 
number of differences. 

Alignment 18B

AAACCCCCC-TCCCCCCGC
AAACCCCCCCTCCCCC-GC  CRS

 310

Recommendation 2 states that insertions and deletions should take precedence over substitutions. 
Therefore, alignment 18B is the preferred alignment, and the differences from the CRS are 309D, 
315.1C.

Example 19

In this example, two additional bases are present with respect to the CRS, both 
of which may be considered as occurring within homopolymeric regions. 

AAACCCCCCCTTCCCCCCGCT
AAACCCCCCCTCCCCCGCT  CRS

 310

As expected, there are many ways to align the sample with the reference 
sequence. One possibility is shown as alignment 19A.

Alignment 19A

AAACCCCCCCTTCCCCCCGCT
AAACCCCCCC-T-CCCCCGCT  CRS

 310

Alignment 19A results in a T insertion at nucleotide position 309 and a C insertion at position 310. 
Hence, it would be recorded as 309.1T, 310.1C. However, both insertions fall within 
homopolymeric regions. In this case, the sample has two Ts followed by six Cs. In the case of the 
extra C residue, it could be placed in a number of different positions within the homopolymeric 
region while maintaining the same number of differences to the CRS.

Because many different options exist, Recommendation 3 applies, and the insertion is placed at 
the 3’ end of both homopolymeric regions as shown in alignment 19B. The differences are coded 
as 310.1T, 315.1C and are shown in alignment 19B.
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Alignment 19B

AAACCCCCCCTTCCCCCCGCT
AAACCCCCCCT-CCCCC-GCT  CRS

 310

Discussion
The recommendations and examples provided in this paper are offered in an effort to standardize 
the treatment of length variants in human mtDNA within the forensic community. It could be 
suggested that biological mechanisms should underlie any method of coding differences to a 
reference sequence. However, these mechanisms may be complex and may be explained 
differently by investigators who may argue that there are alternative biological processes. Thus, 
issues of inconsistency may still persist. It could also be suggested that different rules be applied to 
different regions of the mtDNA molecule. However, this approach may also result in discrepancies 
as consistency in defining the boundaries of the regions becomes an issue. 

The current method of recording differences from a reference is preferred and should be continued 
because it facilitates communication. However, for database searches, an alternative approach 
would be to file the entire sequence of nucleotides in a database, then 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.

Some investigators may disagree with these proposed rules, but it is important to adopt a set of 
rules for consistency. These rules as described herein may be accepted, or other proposed 
approaches may be considered. At least the issues are raised, and discussion can begin.
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