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ABSTRACT: The SWGDAM mtDNA database is a publicly available reference source that is used for estimating the rarity of an evidence mtDNA
profile. Because of the current processes for generating population data, it is unlikely that population databases are error free. The majority of the
errors are due to human error and are transcriptional in nature. Phylogenetic analysis of data sets can identify some potential errors, and coupled
with a review of the sequence data or alignment sheets can be a very useful tool. Seven sequences with errors have been identified by phylogenetic
analysis. In addition, two samples were inadvertently modified when placed in the SWGDAM database. The corrected sequences are provided so
that users can modify appropriately the current iteration of the SWGDAM database. From a practical perspective, upper bound estimates of the
percentage of matching profiles obtained from a database search containing an incorrect sequence and those of a database containing the corrected
sequence are not substantially different. Community wide access and review has enabled identification of errors in the SWGDAM data set and will
continue to do so. The result of public accessibility is that the quality of the SWGDAM forensic dataset is always improving.
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Mitochondrial DNA (mtDNA) sequencing is a well-accepted
methodology for analyzing forensic biological samples, particu-
larly those materials that contain very little intact nuclear DNA
suitable for reliably typing the current nuclear forensic markers
(1-10). In a forensic analysis, the mtDNA types between a known
exemplar(s) and an evidence sample(s) are compared. When the in-
terpretation is a failure to exclude the known and evidence samples
as possibly having the same origin (or the same maternal lineage),
information is provided about the rarity of the mtDNA profile. The
current practice is to count the number of times a particular se-
quence is observed in a database(s) and place an upper bound on
this to correct for sampling (11). Thus, the quality of the reference
database and how this is to be accommodated for assessing the
weight of the evidence needs to be addressed.

Recently, there have been a number of reports suggesting and
documenting that errors can and do exist in some sequences in a
number of reference population databases (12—16). We laud those
who are attempting to identify such errors and make them known.
Due to such efforts, the forensic databases that are used will con-
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tinue to improve. Because of current technical limitations, however,
it is unlikely that any forensic mtDNA reference database will be
completely error free (12—14). But we can strive to have databases
that contain a minimal number of errors. While the effect of many
of the previously identified errors on an upper bound estimate of the
mtDNA profile frequency typically is marginal (12), identification
and rectification of errors should be carried out whenever possible.
For forensic mtDNA databases, quality improvement should be a
primary practice. Indeed, in 2001 the SWGDAM mtDNA database
was reviewed manually for transcriptional errors. Even with this
scouring of the data, it is likely that a few transcriptional errors
remain.

Identifying Errors

Identification of reasonable sources of error can focus efforts
and enable better review mechanisms for continuously improving
the SWGDAM mtDNA database. Bandelt et al. (12) suggested that
sequence errors in the database may arise due to biochemistry,
contamination, merging of sequences from two different sources
(creating an “odd concatenation”), and transcriptional errors.

Errors due to biochemistry are unlikely. If errors were chemistry
based, then systematic errors, not the more likely random errors,
would be observed. Some suggest that the sequencing error rate
is about 1% (17). This is a grossly misplaced value. This estimate
was based on older chemistry, earlier version electrophoretic instru-
ments, and software less developed than current programs (18,19),
and thus does not apply stringently to current methodologies. In
addition, automated and manual reviews of the sequence reads are
done routinely in many forensic laboratories. Moreover, the 1%
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error rate combines sequence mismatches, ambiguities, insertions
and deletions. In current practices, mismatches identified between
aligned light and heavy strand sequences of a mtDNA amplicon
and ambiguities are both classified as ambiguities. Ambiguities are
designated as “N” and are not assigned a base call. Therefore, am-
biguities are not real errors. The 1% error rate is an overestimate.
Another practice that impacts on the error rate is that the typical
practice is to sequence both the heavy and light strands and align
and compare both sequences before rendering a sequence call. Thus,
an error would have to occur in both strands at exactly the same
position. So even if one were to assume (incorrectly) that the 1%
error rate was a realistic value, the operational error rate would be
substantially less than 0.001%. It is also worth noting that the nu-
cleotide misincorporation rate of the polymerase is included as part
of the 1% value. But, the misincorporation rate of Tag polymerase
could only have an impact on obtaining an error from the sequence
output when very few template molecules are copied during PCR
or cycle sequencing. For most, if not all, database samples, there
are ample numbers of template molecules for amplification. Thus,
analytical technology and biochemistry do not appear to be major
contributors to the observed errors.

A second proposed source of error in the databases is contamina-
tion. Because of the sensitivity of the mtDNA assay, the potential
for contamination and its effects must be considered and monitored.
However, because of the quantity and quality of samples that are
typed for reference databases, errors due to contamination would
be unlikely. In most instances, contamination that could affect an
interpretation would result in a mixture which would readily be
identified.

Most errors in our SWGDAM database are due to human involve-
ment in data processing (e.g., transcriptional error). One might im-
ply that these errors can arise equally in both casework analyses
and in database generation (14). While errors, particularly of hu-
man origin, can arise, these two sets of data are not equivalent with
respect to the chance of containing errors. For casework, analysis
involves low throughput scrutiny of individual data profiles both
automatically and manually, followed by a technical and adminis-
trative review. In contrast, database sequences tend to be generated
using high throughput protocols, and while two readers review pro-
file data manually, upon entrance into the database these are more
prone to transcriptional error. To date (since 1996) we have not
found a sequence error in our casework (although such could oc-
cur for casework), but some have been observed in the SWGDAM
reference population data sets (see below).

Phylogenetics and Error Detection

Because most errors tend to be transcriptional in nature, mecha-
nisms can be put in place to reduce their occurrence. Phylogenetic
network analyses (12) have been recommended to assist in iden-
tifying incongruent haplogroup data and thus possible errors. The
accumulation of incorrect combinations and/or unusual linkage of
certain variable sites can indicate possible transcriptional errors.
As an example, Bandelt (personal communication) identified eight
samples that belong to Haplogroup A that could be in error in the
SWGDAM Hispanic data set. The premise for this supposition is
the absence of the 235G (and presence of 235A or the presence
of 253G) polymorphism in these particular samples. These sam-
ples were: USA.HIS.000093, USA.HIS.000100, USA.HIS.000110,
USA.HIS.000204, USA.HIS.000267, USA.HIS.000274, USA.
HIS.000552, and USA.HIS.000770. Indeed, three of these sam-
ples appear to have transcriptional errors (Samples 1-3 in Table 1).
Thus, phylogenetic analysis was helpful in identifying these tran-

scriptional errors. However, the other five identified by Bandelt
are not errors, but are true reversals. The data were reviewed by
assessing alignment data, raw sequence data, and/or resequencing
(Fig. 1). Therefore, while we endorse phylogenetic network analy-
ses for reviewing data as part of the quality control assessment of
any new data added to the SWGDAM database, we urge caution.
While phylogenetic analysis is a useful tool to identify obvious
and potential errors (12,13), it should not be used as an absolute
rule for asserting error (14). If we had changed the sequence on
these five samples to coincide with the character state 235G, even
more formidable errors would have been introduced into the data
set. The maintained SWGDAM data set enables us by direct review
of data to confirm or refute a potential error identified by phylo-
genetic analysis. This would be more difficult to accomplish with
other published sequence data in public domain databases, or in the
literature.

To further investigate errors in the database using phylogenetics,
we looked for other sequences that might be considered transcrip-
tional errors or “odd” reversals. Table 2 displays the haplogroup
defining sites and number of individuals per population group that
were investigated. These samples, a subset of possible samples,
were those that could be readily reviewed. Only one transcriptional
error was found (Sample 7 in Table 1).

If phylogenetic analysis is to be used, one should be circumspect
on assertions of some errors as real until they can be confirmed.
For example, during the review process of a population study by
Budowle et al. (20), a reviewer insisted that sample #75 (belonging
to haplogroup T) in the Apache sample population was in error,
because the site 16126 was displayed as a T instead of C. Although,
we conveyed the sequence had been re-checked and was correct,
the reviewer continued to insist it was an error because of the
inconsistency with phylogenetic analysis. The reviewer did not
consider the possibility of a reversal until the raw data profile was
sent to the Editor. If one relies solely on phylogenetic analysis and
does not accept that some character changes may be true reversals,
the amount of error may be overstated.

Another aspect of phylogenetics-based scrutiny of mtDNA se-
quence data to consider is that many currently employed phyloge-
netic methods rely on the assumption that sequence site-specific
mutations are unique, and no back mutations are involved. In the
mtDNA context (as the mtDNA molecules lack an efficient repair
system during replication), this assumption (technically called the
Infinite Site Model of mutations) is not strictly correct. In the HV 1
and HV?2 regions of mtDNA, direct as well as indirect signatures
of recurrent mutations are seen in many databases. For example,
8.6% of the HV1 region nucleotide sites and 4.9% of those in
the HV2 region included in the SWGDAM mtDNA database have
three or four segregating alleles. In addition, nearly 68% of the
pairs of bi-allelic polymorphic HV1 sites and almost 88% of the
pairs in HV2 region fail the 4-gamete test of perfect linkage dis-
equilibrium (Chakraborty and Budowle, unpublished data). This
suggests that even among the bi-allelic polymorphic nucleotide
sites of both HV1 and HV2 regions of the mtDNA genome, there
are signatures of back mutations. When such events are not ac-
counted for, phylogenetic network-based inference may ascribe
the observed discordance with expectations either to an error or
to mechanisms that are not biologically correct (e.g., recombina-
tion). As a consequence, mtDNA sequences carrying signatures
of such recurrent mutations, not investigated, may be incorrectly
viewed as containing errors. Again, we advocate the use of phylo-
genetic analyses to identify potential errors, but do not support re-
liance solely on such analyses for verification of sequence errors in
mtDNA.
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TABLE 1—/dentified sequences in error in SWGDAM mtDNA database and corrected sequences.*

Sequence Corrected Sequence Corrected
Sample Identified Sequence Sample Identified Sequence
1. USA.HIS.000100 16111T 16111T 16270T 16270T
16223T 16223T 16278T 16278T
16290T 16290T 16311C 16311C
16319A 16319A 73G 73G
16362C 16362C 143A 152C
73G 73G 146C 182T
146C 146C 152C 185T
153G 153G 195C 189G
253G 235G 263G 195C
263G 263G 264T 247A
315.1C 315.1C 315.1C 263G
2. USA.HIS.000110 16111T 16111T 315.1C
16223T 16223T 357G
16290T 16290T 6. USA.AFR.000942 16126C 16126C
16319A 16319A 16187T 16187T
16335G 16335G 16189C 16189C
73G 73G 16223T 16223T
146C 146C 16264T 16264T
153G 153G 16270T 16270T
236G 235G 16278T 16278T
263G 263G 16293G 16293G
309.1C 309.1C 16311C 16311C
315.1C 315.1C 16519C 16519C
3. USA.HIS.000204 16111T 16111T 73G 73G
16182C 16182C 249~ 152C
16183C 16183C 263G 182T
16189C 16189C 290— 185T
16223T 16223T 291— 189G
16290T 16290T 309.1C 195C
16319A 16319A 315.1C 247A
16362C 16362C 489C 263G
146C 146C 357G
153C 153G 523
235C 235G 524—
263G 263G 7. USA.AFR.001201 16051C 16051G
310C 310C 16223T 16223T
315— 315— 16264T 16264T
316— 316— 16519C 16519C
317— 317— 73G 73G
4. USA.AFR.000063 16067T 16189C 150T 150T
16126C 16223T 263G 263G
16189C 16294T 493G 493G
16204A 16309G 523— 523—
16223T 524 54—
16264T 8.! USA.CAU.000001 16222T 16222T
16270T 16224C
16278T 16311C 16311C
16311C 73G 73G
73G 73G 146C 146C
143A 143A 263G 263G
146C 146C 297G 297G
152C 152C 309.1C 309.1C
195C 195C 315.1C 315.1C
263G 263G 9.1 USA.CAU.000002 16091G 16051G
264T 264T 16192T 16192T
5. USA.AFR.000074 16126C 16126C 16270T 16270T
16187T 16187T 16316G 16316G
16189C 16189C 73G 73G
16223T 16223T 263G 263G
16264T 16264T 315.1C 315.1C

* Sites in bold are those that were identified and corrected.
T These samples were inadvertently modified when placed in the SWGDAM database and thus are provided here as well.
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FIG. 1—Sequence electropherogram of sample USA.HIS.000274 demonstrating at position 235 the presence of an A. The putative state at the site was
confirmed by review of original alignment data. Then, the sample was re-sequenced and displayed here. Thus, the sequence in the SWGDAM database is
correct. The arrow points to site 235.

TABLE 2—Populations, number of individuals, and sites searched to
identify potential transcriptional errors.

African Native
American Asian Caucasian Hispanic American
N =196 N =24 N=11 N=33 N =48

189 A/G 489 C/T 217 C/T 235 A/G 146 C/T
195 C/T 16136 C/T 489 C/T 499 A/G 150C/T
200 A/G 16162 A/G 16162 A/G 16189 C/T 152 C/T
204 C/T 16164 C/T 16270 C/T 16223 C/T 153 A/G
207 A/T 16183 C/T 16294 C/T 16298 C/T 235 A/G
236 C/T 16217 C/T 16296 C/T 16290 C/T 272 G/T
297 A/G 16223 C/T 16304 C/T 16319 A/G 16086 C/T
316 A/G 16261 C/T 16356 C/T 16362 C/T 16092 C/T
325C/T 16298 C/T 16111 C/T
489 C/T 16304 C/T 16126 C/T
499 A/G 16147 T/C
16051 C/T 16183 C/T
16114 C/T 16189 C/T
16124 C/T 16192 C/T
16126 C/T 16217 T/C
16148 C/T 16223 T/C
16172 C/T 16274 A/G
16189 C/T 16294 C/T
16223 C/T 16325 C/T
16230 A/G 16331 A/G
16327 C/T 16362 C/T
16257 C/T

16264 C/T

16265 A/G

16278 C/T

16286 C/T

16292 C/T

16294 C/T

16309 A/G

16320 C/T

16327 C/T

In other circumstances, phylogenetic methods can identify obvi-
ous errors. We have identified three samples in the African Ameri-
can data set that appear to be “odd concatenations.” They are sam-
ples 4-6 displayed in Table 1. For these samples, regions HV1 and
HV2 were typed separately and then the two separate profiles were
merged to create the composite profile of each individual. In other
words, incorrect HV1 and HV2 sequences were merged. Current
procedures utilizing phylogenetic analysis will reduce such human
erTor.

Bandelt (12) also has called for accessibility of the forensic
mtDNA databases. We concur. The current iteration of the SWG-
DAM database has been on the web and is readily accessible (21).
The SWGDAM database was made publicly accessible, so many
forensic analysts could use the data for casework analyses and
others could use the data for research purposes. Community wide
access and review will and have identified errors in our data set.
The result is that the quality of our forensic data set is always im-
proving. Therefore, we advocate the public accessibility of forensic
reference databases because of the benefit of improving quality. But,
because of this continuous review process, we cannot agree that our
forensic SWGDAM database is of the same quality as published
literature. Primarily, most published data are static, and dynamic
processes for corrections do not occur.

We also are hesitant to globally merge the SWGDAM foren-
sic database with other published anthropological and evolutionary
studies (12). Ideally, the more data available for assessing upper
bound frequency estimates, the narrower will be the confidence in-
terval for estimates. However, there are practical issues to consider.
First, not all of the publicly available data cover the specific re-
gions of nucleotide positions (i.e., HV1 and HV2) sequenced in our
routine forensic analyses. So only a subset can be applied. Second,
some of the reports do not present the entire sequence within the
specified region per sample but instead provide only haplogroup
specific sites; so again only a subset of the data will be available.
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TABLE 3—Upper bound estimate (95% CI) of percentage profiles in a
SWGDAM mtDNA reference population* matching corrected
individual sequences.

Prior After
Sample Population Correction Correction

USA.HIS.000100 Apache 12.37 13.05
Navajo 20.87 21.66

Hispanic 5.18 5.34

Caucasian 0.16 0.26

African American 0.26 0.26

USA.HIS.000110 Apache 1.65 1.65
Navajo 3.26 4.36

Hispanic 0.39 0.39

Caucasian 0.17 0.17

African American 0.26 0.26

USA.HIS.000204 Apache 1.65 1.65
Navajo 2.03 2.03

Hispanic 0.39 0.39

Caucasian 0.17 0.17

African American 0.26 0.26

USA.AFR.000063 Apache 1.65 1.65
Navajo 2.03 2.03

Hispanic 0.39 0.39

Caucasian 0.17 0.17

African American 0.26 0.26

USA.AFR.000074 Apache 1.65 1.65
Navajo 2.03 2.03

Hispanic 0.39 0.39

Caucasian 0.17 0.17

African American 0.26 0.26

Sierra Leone 5.82 7.20

USA.AFR.000942 Apache 1.65 1.65
Navajo 2.03 2.03

Hispanic 0.39 0.63

Caucasian 0.17 0.17

African American 3.43 3.54

USA.AFR.001201 Apache 1.65 1.65
Navajo 2.03 2.03

Hispanic 0.39 0.39

Caucasian 0.17 0.17

African American 0.69 0.82

USA.CAU.000001 Apache 1.65 1.65
Navajo 2.03 2.03

Hispanic 0.39 0.39

Caucasian 0.17 0.17

African American 0.26 0.26

USA.CAU.000002 Apache 1.65 1.65
Navajo 2.03 2.03

Hispanic 0.39 0.39

Caucasian 0.17 0.17

African American 0.26 0.26

* Sample population sizes are: Apache (N = 180); Navajo (N = 146); His-
panic (N = 759); Caucasian (N = 1814); African American (N = 1148);
Sierra Leone (N = 109).

Third and most importantly, there is not a routine active quality
control evaluation of the published data. The stringency of collec-
tion of SWGDAM sequence data is obviously different from that
of much of the other publicly available data (for which stringency
criteria often are not even mentioned). Supplementary data from
other published sources typically are not available to confirm or
refute possible errors, so as stated above, making changes based
on phylogentic analyses solely could introduce errors in the public
data portion of a database. However, evolutionary and anthropo-
logical data should be evaluated for confirming the relevance and
representativeness of forensic databases, as well as for providing a
framework of an established worldwide phylogeny (12).

Conclusion

A few errors have been identified in the SWGDAM mtDNA
database, and the correct sequences are described so that users can
correct their data sets (until an updated version is posted on the
web). From a forensic perspective, the impact on upper bound fre-
quency estimates is at worst marginal. The most likely scenario is
a correct mtDNA sequence obtained from an evidence sample is
searched against the SWGDAM reference database for matching
sequences for assessing the rarity of the profile (11). But, because
a few sequences in the database may harbor transcriptional errors,
the number of true matching sequences may be less than they would
be if no errors had occurred. One can gain an appreciation of the
impact on the upper bound estimates of the percentage of matching
database profiles, by using real samples where a sequence was en-
tered into the database incorrectly (i.e., those displayed in Table 1)
and comparing the estimates obtained from a database containing
an incorrect sequence with that of a database containing the cor-
rected sequence (Table 3). They are not substantially different, and
many do not differ at all. Moreover, both before and after correc-
tion estimates are upper bound values and thus in most cases are
conservative estimates. Some errors are still likely to exist in the
SWGDAM data set, and they are sporadic. Thus, the impact on
forensic estimates of the rarity of an evidentiary profile is likely to
be similar to those displayed in Table 3, which is nominal or no
difference.

Phylogenetic network analysis can be useful for identifying po-
tential transcriptional errors and wrongly merged sequences. Ver-
ification of such potential errors must be carried out or at times
errors can be introduced in to the database. We are continuing
our phylogenetic review of the SWGDAM data and welcome in-
put on any additional errors that one may find. If additional errors
are found, they will be documented and disclosed. Future addi-
tions to the database will be screened with a phylogenetic approach
so that the highest quality data can be presented. Because of this
dynamic interactive approach for quality improvement, the SWG-
DAM database can be considered a reliable source of data. Lastly,
we strongly recommend that the sequence profiles of other foren-
sic databases be made publicly available, as have the SWGDAM
data.
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